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Abstract
Multifunction Phased Array Radar (MPAR) was defined to investigate the
feasibility of integrating weather observation and air surveillance radars into
a single network. Weather radars require dual polarization capability which
may be also beneficial to aircraft characterization. Research activities have be-
gun to identify challenges, mitigate risk, and demonstrate polarimetric tech-
nologies. Ten-panel, developed by MIT’s Lincoln Laboratory, was the first
dual-polarized planar phased array demonstrator. Alternatively, a cylindri-
cal polarimetric phased array radar (CPPAR) was developed at the Advanced
Radar Research Center of the University of Oklahoma to resolve the intrin-
sic limitations of planar arrays in making accurate polarimetric measurements.
The current CPPAR employs a frequency scanning patch array antenna. Since
the radar’s performance would be the most important driver, the future op-
erational CPPAR, suitable for long-range weather measurement, will utilize a
new antenna with higher performance.
It is the purpose of this research to propose a new dual-polarized phased
array antenna for MPAR application. A crossed dipole antenna with sufficient
operational frequency bandwidth is designed. A high polarization purity is
achieved by using a group of efficient techniques in element scale. This element
was modified to obtain a higher match between copolar beams. The modified
element is utilized as an embedded element to form a cylindrical and a planar
xvii
array antenna. It is demonstrated that suppressed azimuthal surface wave and
consequently highly matched copolar beams can be achieved in a cylindrical
array of proposed crossed dipole. In order to compensate for the electrical
and geometrical asymmetry of the element, an imaged arrangement of the
elements with respect to the center of the array is utilized. It is shown that a
planar array of the modified crossed dipole, arranged in a specific configuration,
proposes zero cross-polarization in the principal planes without increased side
lobe problem. The experimental verification demonstrates that the proposed




1.1 Multifunction Phased Array Radar
Weather observations and air surveillance share the same principle of detecting
electromagnetic wave scattering. Therefore, it would be more cost-efficient and
easier to share data if a single radar network were used for multiple missions.
It was the basis for Multifunction Phased Array Radars (MPAR) initiated
by a joint effort between the National Oceanic Atmospheric Administration
(NOAA) and the Federal Aviation Agency (FAA) [1]. A life-cycle cost savings
of approximately $5 billion was estimated in the initial reports. Besides that,
it was operationally efficient to perform all these missions with a single system.
The project received great attention and researches have started to investigate
the feasibility of replacing four networks 1) National Weather Surveillance
Radars (WSR-88D or NEXRAD); 2) Terminal Doppler Weather Radars; 3)
Airport Surveillance Radars; and 4) Air Route Surveillance Radars, all shown




Figure 1.1: Aircraft surveillance and weather radar networks, (a) Airport
Surveillance Radars, (b) Terminal Doppler Weather Radars, (c) Air Route
Surveillance Radars, (d) National Weather Surveillance Radars.
1.2 Phased Array Radar (PAR)
The flexibility of the phased array radar justifies its utilization in performing
missions for both weather sensing and route surveillance. Phased array radars
with electronic scan capability allow for faster data update [2] and thus the
observation of evolutions of severe storm phenomena. Its high precision in
detection of point targets may also be beneficial to aircraft surveillance. Un-
like 5 min mechanical volumetric scan, a phased array radar could complete
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the same mission on the order of the seconds which is required by aircraft
surveillance. Added to these is the possibility of adaptive scanning, where the
echoes are used to reallocate radar resources, adjust the scanning scenario,
and change the waveform in response to what had been observed. A phased
array antenna, backed by a compatible backend, can effectively perform an
agile beam forming. These features indicate that phased array antennas could
be promising candidates for MPAR project.
1.3 Polarimetric Phased Array Radar (PPAR)
Weather radars, such as WSR-88D, have been upgraded to dual polarization
capability which enables them to estimate the observables more precisely [3].
The shapes of raindrops change with their sizes, providing different horizon-
tally and vertically polarized returns [4]. The ratio of these orthogonal returns,
referred to as differential reflectivity, is a function of the diameter of the tar-
get. Therefore, weather radar can obtain more information on the type of
hydrometer by using a pair of orthogonally oriented polarization rather than
a single polarization. Such a feature could also be advantageous to aircraft
characterization, clutter suppression, and detection and tracking of small tar-
gets. Research activities have begun in academia and industry to identify
challenges, mitigate risk, and demonstrate polarimetric technologies for both
weather and airport surveillance. The C-band Spaceborne Imaging Radar
and the X-band Synthetic Aperture Radar missions are conducted by a joint
U.S./German/Italian Space Agency effort, where polarimetric phased-array
radars are built by JPL and the Ball Communication Systems Division [5].
An Airborne Synthetic Aperture Radar is also conducted by NASA/JPL for
weather imaging with full-polarization radars.
3
1.4 Phased Array Antennas for MPAR
The principles of the phased array antenna was discovered early in the nine-
teenth century, matured over the past decades, and evolved into numerous
designs and topologies [2]. However, the MPAR seeks a solution with dual
linear polarization capability. This introduces an additional challenge to an-
tenna designers, as a high separation between two orthogonal radiation pat-
terns (polarization isolation) is required. For instance, in weather observation,
the intrinsic differential reflectivity ZDR values range from about 0.2 dB for
drizzle and dry snow, to 3–4 dB for heavy rain and large drops. Therefore,
it is desirable that the measurement error for differential reflectivity be about
0.2 dB. In addition, to distinguish between rain and melting snow, the error of
the copolar correlation coefficient (ρhv) must be less than 0.01 [4]. These ZDR
and ρhv requirements can be translated to antenna parameters as 40 dB polar-
ization isolation and higher than 99% match between horizontal and vertical
copolarization patterns, respectively. Such accuracies were satisfied by dish
antennas for decades, however, this becomes a challenging task for PPAR.
When research activities on the MPAR started, there was no “off the shelf”
antenna characterized for dual linear polarization performance. Therefore, the
joint FAA/NOAA government released contracts with academia, industry, and
national laboratories to investigate and design solutions based on the architec-
ture of their preference. Various alternative antennas, with distinct advantages
and disadvantages, were designed and the MPAR stringent requirements were
addressed.
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Figure 1.2: (Right) 8 by 8 dual polarized subarray panel. (Left) Two-panel
subarray used to demonstrate overlapped beamforming (From [1]).
1.4.1 Planar Polarimetric Phased Array Radar (PP-
PAR)
Ten-panel, as shown in figure 1.2, is actually blocks of 8 by 8 dual polarized
patch antennas designed by the MIT’s Lincoln Laboratory. The blocks are
arranged side-by-side, forming a planar phased array antenna. Fabricated by
printed circuit technology, the Ten-panel solution is cost-effective, and also
allows for the compact integration of T/R modules at the back of the an-
tenna. The first dual polarized planar antenna showed promising results in
the experiment.
A serious challenge in polarimetric measurement is maintaining a high po-
larization isolation within the whole volumetric scan. That is, two beams must
be orthogonal over the entire scanning scenario which is not easily achieved
by a planar phased array antenna. When the transmit beam is directed off
the principal plane, the two polarized beams are not orthogonal and the hor-
izontal (vertical) polarization is not parallel (perpendicular) to the surface of
the earth. Such an effect causes part of the horizontally oriented power to be
returned in the vertical beam and vice versa. This bias can be compensated
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through costly and cumbersome calibration, but at the cost of a decrease in
the sensitivity [6]. Although the PPPAR is feasible for MPAR, it is not neces-
sarily the best solution for weather measurements due to its intrinsic scanning
limitations [6].
1.4.2 Cylindrical Polarimetric Phased Array Radar (CP-
PAR)
A cylindrical polarimetric phased array radar (CPPAR) was developed at the
Advanced Radar Research Center (ARRC) of the University of Oklahoma. The
cylindrical array, which is shown in figure 1.3, is divided into four quadrants,
each covering a 90◦ sector of volume. The main idea for this structure is
the commutating in the azimuth direction rather than scanning. That is,
each quadrant can be rotated electronically around the cylinder. Therefore,
the array beam, which always faces the broadside directions, allows for high
polarization purity and invariant azimuth scan. This is achieved at the cost
of complexity of the structure. While the main concept of the CPPAR has
been demonstrated [6], its related issues are still being studied. The main
challenges are achieving a low cross-polarization level, high isolation between
two polarizations, and matched horizontal and vertical copolar beams [6].
1.5 Motivation for Dissertation and Research Objec-
tives
The current CPPAR demonstrator is populated by a frequency scanning linear
array antennas which is depicted in figure 1.4. Like Ten-panel, CPPAR utilizes
compact patch elements into its linear columns of the array antenna. Each
6
Figure 1.3: (left) Cylindrical array schematic with four dual polarized beams
transmitting simultaneously. (Right) Cylindrical Polarimetric Phased Array
Radar demonstrator (From [4]).
linear array is excited by a single T/R module, reducing cost and complexity of
the design. Scanning in the elevation direction is carried out by changing the
frequency, which in turn adjusts the phase difference between adjacent vertical
elements. While the current CPPAR shows promising weather measurement
capabilities, its performance can be modified by individual excitation of each
element. Such a cylindrical radar, capable of long-range measurement, will
benefit the weather community by providing adaptive beam forming based on
the features of echoes bouncing off the target. To cover the whole frequency
range, required by MPAR, a multilayer stacked patch antenna was utilized in
the current CPPAR. Such a thick grounded substrate is a proper medium for
the azimuthal surface wave to travel around the cylinder and radiate. This
effect changes the shape of the copolarization patterns, causing mismatch be-
tween the vertical and horizontal copolar patterns. An alternative antenna
element with removed substrate over the principal ground plane can suppress
the azimuthal surface wave, resulting in a higher match between copolar pat-
terns. Finally, a higher performance in terms of the side lobe level of array
antenna could be achieved by using a symmetrical antenna element with re-
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spect to its center. Therefore, the need for an alternative phased array antenna
has arisen.
Figure 1.4: 19-element frequency scanning antenna array under test in the
Federal Aviations Administration (FAA) anechoic chamber (From [6]).
1.6 Outline of Dissertation
This dissertation is devoted to design and characterization of a new phased
array antenna whose performance satisfies the strict MPAR requirements. Fol-
lowing the introduction, Chapter 2 compiles and summarizes research activ-
ities related to dual polarization antennas for a broad range of applications.
Various cross coupling mechanisms between orthogonal polarizations will be
specifically discussed and related to port isolation as part of this contribution
to a growing body of knowledge. Techniques to suppress these components
will be discussed in the context of example antennas. It is found that the use
of simple and symmetrical structures is advantageous to antenna polarization
purity. The techniques, discussed therein, can be integrated into future an-
tennas with higher performance, opening the door for new application spaces
such as phased array weather radar and precise polarization control for com-
munication systems.
Following the points mentioned in Chapter 2, a crossed dipole antenna with
symmetrical geometry is proposed in Chapter 3. The reasons for choosing such
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an element are emphasized. The coupling mechanisms between different parts
of the orthogonal polarizations are discussed in detail. This is followed by a
parametric study of the dimensions of the proposed antenna, showing its ver-
satility in operating over a wide frequency range with the desired bandwidth.
Fabrication process and measurement set-up are provided, and the simulation
results are verified by experiment. Looking for more symmetry between the
two polarizations, we modified the proposed crossed dipole in a new version
of the antenna. Highly matched copolar patterns, obtained through utilizing
identical radiation elements, is discussed.
Chapter 4 addresses the characterization of a linear crossed dipole, made
by the above-mentioned antenna. This linear array is developed to replace the
current frequency scanning antenna on the CPPAR. Dimension adjustments
of the crossed dipole in the linear array environment will be discussed. This
is followed by the scanning assessment of the linear array and finalizing the
interelement spacing. A specific arrangement of the elements in the array
configuration is presented. The suppressed cross-polarization level is verified
by measurement results. Another focus of this chapter is the characterization
of the cylindrical array radiation pattern. Phase mode analysis is utilized in
order to extract the embedded element pattern of the antenna in a cylindrical
array. Such a pattern, in conjunction with coherent addition in Matlab, is
utilized to form the final pattern of the cylindrical array antenna.
Chapter 5 studies a planar crossed dipole array antenna. The dimensions
of the element are finalized, using the periodic (Master/Slave) boundary con-
dition in the HFSS. The desirable performance of the antenna in scanning to
severe angles is demonstrated and is followed by a parametric study of the
antenna dimensions. Four possible imaged configurations are applied to the
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planar array arrangement, and the reduced cross-polarization levels are dis-
cussed. A side lobe issue with imaged patch antenna array is discussed and
related to 2×2 subarray radiation pattern E2×2(θ, ϕ). The requirement of the
element radiation pattern to eliminate the increased side lobe is theoretically
calculated. A condition for the magnitude of the odd copolar component is
specified, which can be expanded to any other type of antenna in order to
examine whether they suffer from the side lobe issue. It is shown that the
simple crossed dipole array, arranged in a specific configuration, can provide
zero cross polarization in both principal planes while it has no increased side
lobe issue.
Finally, Chapter 6 will give a brief conclusion that highlights the research
contributions. We will introduce potential modifications and suggestions for
the future direction of the phased array antennas. These will open up addi-
tional research activities within the antennas and propagation community.
10
Chapter 2
A Review of Dual-linear Polarized Antennas
2.1 Introduction
This section compiles and summarizes research activities related to dual po-
larization antennas for a broad range of applications. Existing dual polariza-
tion antennas are categorized into three separate groups according to their
topologies. Some representative antennas of each group are presented and
their performance are compared in terms of port isolation, cross-polarization,
frequency bandwidth, dimension, and complexity. As the main focus of this
section, the port isolation and the polarization purity are discussed in detail
and the techniques to enhance them are discussed. The techniques, discussed
herein, can be integrated in future antennas with higher performance, opening
the door for new application spaces.
2.1.1 Interaction Between Two Radiation Elements in
a Dual Polarization Antenna
To specify how well a dual-polarized antenna separates its two polarizations,
some criteria should be defined. Port-isolation and cross- to copolarization
level are considered as measures of coupling between ports and patterns of
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two polarizations, respectively. A common framework of interaction between
the radiation elements in a dual polarization antenna will help us to prop-
erly understand the source of the port isolation and the cross-polarization.
Figure 2.1 represents a scenario of two distant orthogonal radiation elements,
where the separation between elements is exaggerated to show their interac-
tion clearly. To simplify the problem, each element is assumed to be lossless
and radiate linearly with no cross-polarization. Under these circumstances,
part of the power (Pa) delivered to element A is effectively radiated (Pra), and
a fraction of the delivered power is directed toward the element B (Px). While
the former accounts for intended copolar radiation of the antenna A, the latter
is a source of cross coupling to element B. From Px power partially goes toward
port B (Pb), which determines the port isolation and partially reradiates (Prb),
which contributes to the cross-polarization radiation, as in most of the dual
polarized antennas, the elements are located at right angles to one another.
Therefore, the cross coupling (isolation), the port-to-port coupling (isolation),
and the cross-polarization in a dual polarized antenna can be defined as








Cross Polarization : XP = Prb
Pra
(2.3)
The port isolation, frequently mentioned in the literature, is the magnitude
of the port coupling expressed by (2) in dB scale. From the discussion above,
it is clear that the interaction between the radiation elements mainly comes
from the cross (transverse) coupling Px (Cx), and reducing it will result in











Figure 2.1: Interaction between two radiation elements in a dual polarized
antenna.
techniques proposed in the literature to reduce the transverse coupling (Cx)




A detailed discussion of these techniques will be provided in the following
sections wherever an antenna using any of the techniques is introduced. Fig-
ure 2.1 represents ideal elements with no cross-polarization. However, in prac-
tice, the element A itself exhibits some level of the cross-polarization which
adds to that radiated from antenna B. Accordingly, choosing elements with
inherently low cross-polarization enhances the overall polarization purity of
the dual-polarized antenna.
2.2 Similar Orthogonal Elements - Group I
The simplest solution to design a dual-polarized antenna is to duplicate a radi-
ation element and position it at a right angle to the original one. The matched
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beams obtained through utilizing identical radiation elements is advantageous
in many applications such as MIMO and weather observations. In addition,
such a symmetry in both polarizations serves the antenna to show low port
coupling (Pb). Crossed dipole and crossed slot are the classical representatives
of this category, widely proposed and discussed in the literature.
2.2.1 Crossed Dipole
The roots of crossed dipoles track back to the 1930s, when the first crossed
dipole named turnstile antenna was proposed by Brown [7]. Since then, modi-
fications with emphasis on broader impedance bandwidth, profile miniaturiza-
tion, and higher isolation have been proposed [8]. A crossed-dipole is originally
a pair of half-wavelength dipoles aligned at right angles to each other. Differ-
ent dipole excitations include half-wavelength balun [9], Γ-shaped strips [10],
and direct coaxial cables [11].
The cross coupling (Cx), discussed earlier as the major interaction between
the orthogonal radiation elements, might happen between any two parts of the
orthogonal polarizations. Specifically, for a crossed dipole, the cross coupling
might happen between the baluns or the dipoles of the two polarizations,
denoted by Cbb and Cdd, respectively.
The coupling between dipoles (Cdd) is discussed in figure 2.2 where a ver-
tical dipole is differentially excited. This figure represents how the null locus,
mentioned earlier, allows the cross dipoles to retain minimum interaction be-
tween the orthogonal elements (Cx). It is known that at any time electric
charges of opposite polarity are located on the facing poles of the vertical
dipole. It produces a potential distribution with alternating positive and neg-












Figure 2.2: Voltage distribution of an excited vertical dipole and null locus
representation.
in figure 2.2. If the dipole possesses two identical poles (geometrical symme-
try) and is also excited by ideal differential signal (electrical symmetry), a null
locus with zero potential appears along the bisector of excited dipole which can
be considered as a virtual AC ground plane. Whatever lies along this line, in-
cluding the horizontal dipole, experiences no coupling from the vertical dipole.
This explains why an ideal crossed dipole shows theoretically zero interaction
(Cdd= 0) between two dipoles. It is worth noting that the null locus can be
shifted from equator if either electrical or geometrical symmetry is disturbed.
These two cases which are prone to some cross coupling are discussed in the
following.
The balun-to-balun coupling, Cbb, could significantly account for cross cou-
pling between elements (Cx), as the baluns are often oriented parallel to each
other. Therefore, any current on a balun can be coupled to the other one and
vice versa. Figure 2.3a represents how blockage can reduce the balun-to-balun
coupling (Cbb). A dual-polarized magneto-electric dipole antenna is depicted
which is basically a realization of a complementary antenna with a fairly larger




















Figure 2.3: Dual-polarized magneto-electric dipoles, (a) Γ-shaped feedlines
(Concept from [12]) , (b) differential excitation along with current distribution
on antenna (Concept from [8]).
dipole provides a separate room for its respective Γ-shaped feedline and iso-
lates it from its counterpart coupling. The single-ended Γ-shaped feedline is
geometrically asymmetric with respect to the center of the antenna owing to
its unequal vertical parts. Such a geometrical asymmetry shifts the null locus
from the middle line of the antenna, as shown in figure 2.3a. It is resolved in
figure 2.3b, where a symmetrical differential driven antenna is shown [8]. The
geometrical symmetry, disturbed by the Γ-shaped feedline, no longer exists in
this differential driven antenna. The null locus occurs along the middle line
and lower cross coupling (Cx) is achieved.
Regardless of whether a crossed dipole is excited differentially or by a Γ-
shaped feedline, it is difficult to achieve ideal differential signals within the
entire frequency bandwidth. The phase imbalance of the baluns or feed net-
works, is often optimized at a center frequency, and increases toward the be-
ginning and the end of the frequency bandwidth [13]. Consequently, the null
line of the excited dipole is disturbed from the equator at these margin fre-
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quencies. Such an electrical asymmetry causes coupling between orthogonal
dipoles (Cx). The differential excitation has a superior performance compared
to single-side excitation while electrical asymmetry results in a disturbance of
the null locus. The current distribution when differential port 1 is excited is
depicted in figure 2.3b. Differential port 2, consists of two separate ports, 2−
and 2+. Both mentioned ports are equally coupled to the orthogonal element
and the out of phase couplings cancel each other. That is, in spite of some
cross coupling (Px), occurring between orthogonal elements, the ports remain
decoupled (Pba). Differential feeding adds a level of complexity to the design
as it requires a feed network with differential signals at their outputs.
2.2.2 Crossed Slot
Slot antennas are considered complementary elements to the dipoles since both
have similar radiation patterns [14]. Contrary to the dipole antennas, which
should be located a quarter wavelength above the ground plane, the slot anten-
nas lie on the ground plane, resulting in a more compact profile, hence lower
cross-polarization. On the other hand, slot antennas have narrower frequency
bandwidth compared to that of the dipoles. Two crossed slot antennas with
single-ended [15] and differential excitation [16] are discussed below.
Figure 2.4a shows a crossed slot antenna where they are etched on the sides
of a cuboid and excited by an open-ended microstrip lines [15]. Considering the
horizontal slot as a complementary metal antenna excited in the middle [14],
one can specify the null locus along the middle line as shown in figure 2.4b.
The coupled currents from the horizontal slot to the vertical slot, when the
former is excited in its center and the latter is terminated, is depicted. It is















Figure 2.4: A crossed slot excited with open-ended microstriplines, (a) 3-D
and expanded vies of the antenna (Concept from [16]), (b) coupled currents
from the horizontal slot to the vertical one.
are of the same amplitudes and phases and cannot excite it. Therefore, the
slots remain decoupled. Any deviation from above symmetry introduces some
cross-coupling (Px) between slots. It occurs for this design because of its offset
excitation of the vertical slot. Such coupling adds to the coupling between
feedlines placed in proximity which resembles the balun-to-balun coupling in
the crossed dipole.
A dual polarization crossed slot with high performance is illustrated in
figure 2.5a [16]. Combination of different techniques, incorporated into the
design, accounts for its high port isolation (Pba) and low cross polarization.
Each differential port lies along the null locus of the other polarization. Four
diagonal strips and four diagonal slots are etched on the top and bottom of the
substrate, respectively, which block the transverse coupling (Px). The sym-
metrical design and differential excitation guarantees minimum port coupling
(Pba) in times of electrical asymmetry. The magnetic current densities when
port 1+ and port 1− are individually excited with opposite phase are shown
in blue and red in figure 2.5a, respectively . It is evident that the upper and
lower slots carry currents with the same directions which contributes to copo-
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Port 2- Port 2+
Port 1+
Port 1- Horizontal Slot
Horizontal Slot
(a)
Port 2- Port 2+
Port 1+
Port 1- Horizontal Slot
Horizontal Slot
(b)
Figure 2.5: A differential excited crossed slot, (a) top view of the antenna
along with magnetic current distributions, (b) bottom view of the antenna
(Concept from [16]).









[12] 1.7-3.4 >36 >-19 64.6×64.6×27
[8] 0.95-1.92 >36 >-23 122×122×48
[9] 2.6-3.04 >52 >-38 55×55×72
[15] 2.34-2.49 >32.5 >-12 12×12×42
[16] 2.51-2.69 >40 >-26.4 57.5×57.5×3.04
larization components. On the other hand, the vertical slots have currents
mirrored with respect to the horizontal bisector of the antenna and in the
opposite directions. Hence, the cross-polarization components resulted from
these currents add destructively in the principal planes. Table 2.1 compares
the performance of the antennas mentioned in this category in terms of mea-
sured dual polarization parameters. The cross-polarization is provided within
±90◦ from broadside in the principal planes which are normalized to the peak
of copolarization.
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2.3 A Patch Antenna With Two Orthogonal Modes -
Group II
Two orthogonal modes, each corresponding to an individual polarization, can
be excited underneath a patch antenna [17]. This, in turn, results in the radia-
tion of two orthogonal polarized waves near the broadside direction forming a
dual linear-polarized antenna. Various configurations with orthogonal modes
are reported in the literature [18]. However, herein we mainly consider a square
patch antenna with dominant orthogonal modes, i.e. TM01 and TM10. These
antennas make up a large percentage of proposed dual-polarized antennas [19]
and their main advantages lie in their symmetry of structure, compactness,
easy and inexpensive fabrication process. Along with two dominant modes,
other undesired modes can also be stimulated beneath the patch. Degrading
the antenna performance, they are considered as sources of port coupling and
cross-polarization radiation [20]. In this section, the microstrip patch antennas
are categorized according to their excitation methods, and the techniques to
suppress the higher-order modes and enhance the port isolation are discussed.
A square patch antenna with driving port at an arbitrary point (x,y) is shown
in figure 2.6a. Current and voltage distributions related to the first three
order modes in the x-direction, i.e. TM10, TM20, TM30 along with their corre-
sponding radiation patterns are also illustrated. To excite the dominant TM10
mode, a 50 Ω excitation port should be located on either side of the middle
line (y-axis) with an offset from it. The modal expansion technique indicates
that along with TM10, the higher order modes in the same (TMn0) and the
transverse directions (TM0n) can also be excited [21]. While the same directed
modes make some minor ripples on the copolarization, the transverse modes



























































































Figure 2.6: A square patch antenna, (a) driving port at arbitrary point (x,y),
(b) TM10 fields distributions and copolar pattern, (c) TM20 fields distributions
and copolar pattern, (d) TM30 fields distributions and copolar pattern.
us examine a particular case of driving point located along the middle line of
the patch (x-axis). The x-axis is specified as the null lines and the infinite lines




Single Sided Excitation with Short Post
Differential Excitation
Figure 2.7: Cross polarization comparison of antenna in [23] in principal planes
with different excitation schemes.
are equally mismatched to the port input impedance. Accordingly, locating
the input port along the middle line of the patch (x-axis) suppresses the trans-
verse modes and provides the lowest possible cross-polarization. Regarding the
cross-polarization of a square patch antenna different analysis were reported.
Reference [22] introduces the TM02 as the origin of the cross-polarization ra-
diation in such antenna. If that is the case, a short post at the center of the
patch, where the impedance of even modes are infinite, can suppress them in
both orthogonal directions. Reference [23] indicates that even in single mode
(TM10) operation, the asymmetry of the probe location results in disturbance
of ideal field distribution, causing high cross-polarization in the H-plane. To
suppress the higher order modes and simultaneously preserve the geometrical
symmetry of the antenna, differential excitation is proposed in [23]. How it
matches the TM10 mode and attenuates the higher order ones can be realized
by comparing the field distributions of different modes in figures 2.6b-2.6d.
The same patch antenna in [23] was simulated with differential scheme and
short post and their suppressed cross polarizations are compared with com-
mon single-sided excitation in figure 2.7. Similar to previous category, the
cross coupling (Cx) in dual-polarized patch antenna can be examined in terms
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of its main contributors. In such antennas, each feeding mechanism along
with all respective propagation modes in each direction comprise a single po-
larization. Therefore, the cross coupling between two polarizations can occur
either directly between feeding mechanisms, or between orthogonal modes,
denoted by Cff and Cmm, respectively. Positioning input port along the null
locus in order to avoid power being leaked to the transvese modes (Cmm) was
discussed and is common to all excitation methods. The coupling between
feeding mechanism (Cff ) will be addressed in each section a feeding method
is discussed.
2.3.1 Microstrip-fed Dual-polarized Patch Antennas
The microstrip feedline is the simplest and the most compact way of exciting
a microstrip patch antenna. It includes two single metal layers where the mi-
crostrip line and the patch antenna are printed monolithically on a common
board. However, it suffers from spurious radiation from the microstrip feed
lines which degrades the polarization purity [24]. Such effect dominates in
wide bandwidth antennas where the substrate thickness is increased. A mi-
crostrip line can excite a patch antenna either on the edges (figure 2.8a) [25]
or at the corners (figure 2.8b) [26]. A nearly 20 dB isolation of edge-fed patch
antenna is improved to almost 30 dB by using wire bonds which allow for
higher modes suppression [25]. It has been analyzed and experimentally veri-
fied in [26] that the corner-fed dual-polarized patch exhibits an isolation about
10 dB better than that of the edge-fed patch antenna. Both these samples uti-
lize single-sided excitation associated with each polarization. The asymetry
of single-sided excitation in an inset-fed patch antenna and the disturbance of


















Figure 2.8: Dual-polarized microstrip-fed patch antennas, (a) edge-fed exci-
tation (Concept from [25]), (b) corner-fed excitation (Concept from [26]), (c)
differential excitation (Concept from [28]).
Table 2.2: A comparison of the performance of microstrip-fed dual-polarized









[25] 3.75-3.95 >30 NA 24×24×0.508
[26] 5.95-6.05 >30 NA 15×15×0.8
[28] 6.5-6.65 >34 NA 14×14×1.57
distorted copolarization and increased cross-polarization. The high cross cou-
pling (Cx) partly occurs between microstrip lines themselves (Cff ). A way
out of this issue is balanced coupling proposed by differential excitation as
shown in figure 2.8c [28]. Suppression of the higher order modes in the corre-
sponding direction along with balanced feeding end up enhanced polarization
purity provided in Table 2.2. The two strips of differential feeding along with
the patch antenna make a loop-shape structure as it is shown in figure 2.8c.
Therefore, the implementation of two differential-fed microstrip line in a single
layer without overlap is impossible.
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2.3.2 Probe-fed Dual-polarized Patch Antennas
A patch antenna can be excited by a coaxial probe beneath the patch which
eases the impedance matching [17] and has lower cross polarization compared
to the microstrip line excitation. The latter is achieved owing to identical
geometry of radiating slots on either side of the patch and preserving its rect-
angular shape. However, the increased length of the probe can be problematic
in wideband applications [29]. These issues and their possible remedies will be
discussed in the following. Size reduction is achieved in a slotted dual-polarized
patch antenna shown in figure 2.9a, which modifies the fields distributions,
hence the frequency and radiation patterns of the operating modes [30]. This
is the simplest probe-fed excitation, where placing each probe on the null lo-
cus of transverse modes yields high port-isolation. The symmetrical pattern of
the slots results in the identical transverse currents and thus cross-polarization
cancellation in both principal planes. This antenna has a narrow frequency
bandwidth. The performance of such excitation is degraded in wideband ap-
plications where a thick substrate is utilized. The increased length of the probe
with inductive features disturbs the impedance matching. Analysis of other
issues requires probe characterization. In [31] and [32], the excitation probe
is respectively modeled as a short monopole and dipole antenna immersed in
the substrate. In either case, these parallel feeds positioned in close proximity
in a dual polarized antenna is susceptible to some direct coupling between
them (Cff ) and this dominates as the thickness of the substrate increases. In
addition, the probe’s leakage radiation is observed in terms of raised crossed-
polarization in the H-plane and distorted copolarization in the E-plane [31].
Luk et al. suggested an L-shaped probe to concurrently achieve wider fre-
















Figure 2.9: Dual-polarized probe-fed patch antennas, (a) simple probe excita-
tion (Concept from [30]), (b) L-shaped probe excitation (Concept from [33]),
(c) meander probe excitation (Concept from [34]).
by the horizontal portion of the probe making an open circuit stub of length
less than a quarter wavelength. Such capacitive effect compensates for the
inductance of the vertical portion of the probe, making a resonant frequency
close to that of the TM01 mode of the patch. The lower cross-polarization
is attributed to shortening the probe vertical portion. Figure 2.9b shows a
dual-polarized antenna fed by L-shaped probes [35]. Of importance is the
wide bandwidth of the antenna provided in Table 2.3. As discussed earlier,
the geometrical asymmetry of the single-sided excitation with respect to the
center of the patch disturbs the normal distribution of the dominant TM01
mode, resulting in displacement of the null locus from the center line of the
patch. This effect, as seen in figure 2.9b, causes some cross coupling between
two polarizations. It adds to direct single-sided coupling between feedlines
(Cff ) which is stronger in L-shaped probes since they have longer dimensions
compared to that of a simple probe. This larger dimension is shown in fig-
ure 2.9b, where the vertical portions are placed out of the patch to prevent
the overlap and the horizontal portions extend underneath the patch. Later,
we will compare such performance with a same patch with differential excita-
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Figure 2.10: A dual-polarized differential driven antenna. (a) Patch and L-
shaped probes, (b) Differential feed network (Concept from [33]).
tion. The open circuit quarter-wavelength horizontal portion of the L-shaped
probe was replaced by a half-wavelength one shorted to the antenna on one
side [34]. The new feed allows for lower cross-polarization due to a pair of
out of phase vertical currents on either side of the antenna which resembles
a balanced feed excitation in the antenna’s E-plane. Such long feeding is not
applicable to dual-polarization performance. Therefore, the half-wavelength
stub is meandered [36] in a compact profile at a modest increase in the cross-
polarization. Figure 2.9c depicts a dual-polarized antenna fed by meander
probes. The increased length of the probes increases the chance of the cou-
pling between them (Cff ). Moreover, the antenna’s performance is limited by
its poor polarization purity. Meandering is not a precise process and often
results in fabrication tolerances [36]. To implement the meandering precisely,
the vertical and horizontal portions of the probes could be respectively re-
placed by precise plated blind vias and microstrip line strips, which remains
as a future research. To compare the performance of single-sided and differ-
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Table 2.3: A comparison of the performance of probe-fed dual-polarized an-









[30] 0.852-0.858 >30 >-32 67.056×67.056×NA
[35] 1.71-1.88 >20 NA 77×77×21
[36] 1.68-2.04 >30 >-15 61×61×17.5
[35] 1.65-1.98 >30 >-10 92×92×22.5
ential excitations, a dual-polarized differential driven antenna with L-shaped
probe [35] is provided in figure 2.10a. Supressesion of the higher order modes
guarantees the single mode operation. In addition, symmetrical locations of
two probes with respect to the center of the patch preserves the geometrical
symmetry, hence normal distribution of the dominant TM01 mode. Therefore,
the null locus, as shown in figure 2.10a, is returned to the middle line of the
patch and lowest cross coupling occurs between two polarizations. In times of
electrical asymmetry, the same balanced couplings experienced phase reversal
cancel each other. Finally, the leakage radiations from two vertical portions,
with the same amplitudes and reverse directions, cancel in the far-field [31],
resulting in lower cross-polarization. Compared by the same authors of [35],
10 dB isolation improvement is contributed by the differential excitation. Dif-
ferential excitation is advantageous in theory but difficult to implement. The
feed network for the above antenna is shown in figure 2.10b. The space to
accommodate the half-wavelength delay line for each polarization enlarges the
antenna profile. Feed network can affect the symmetry and polarization purity
of differential driven antenna. In figure 2.10b, the feed network lies in an extra
layer beneath the ground plane which blocks the feed spurious radiation. To
further reduce the feed-to-feed coupling (Cff ) in figure 2.10b, the lengths of
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the feedlines from the input ports to the split points can be minimized and
the input ports can be located as far away as possible. Therefore, an optimum
design of feed network provides the antenna with better performance which
remains as future research activities.
2.3.3 Aperture-coupled Dual-polarized Patch Antennas
D. M. Pozar introduced the aperture-coupling excitation method [37], where
the radiating patch is coupled to a feedline through a slot etched in the ground
plane. The feed network is implemented in a separate layer underneath the
ground-plane which blocks the interference between the antenna radiation and
the parasitic radiation of the feedlines [37], resulting in pure radiation of the
antenna. Having an extra layer compared to the previous excitations, hence an
extra transverse coupling mechanism, Css, named slot-to-slot coupling is intro-
duced to the dual-polarized antenna. In such a feeding scheme, Css and Cff
are functions of both feedlines and slots characteristics such as their shapes,
lengths, positions with respect to the center of the patch, and their relative
orientations with respect to each other. These issues are addressed in the
following.
A dual-polarized antenna, proposed by Adrian and Schaubert in 1987, is
illustrated in figure 2.11a [38]. Two rectangular slots corresponding to two
dominant modes of the patch antenna are placed beneath the patch in an L-
shaped configuration at an offset from the patch center. This is not the best
configuration of two orthogonal slots to have minimum slot-to-slot coupling
(Css). It is modified in a T-shaped configuration, as shown in figure 2.11b [39].
The coupling reduction, discussed in the crossed slots section in terms of cur-


























Figure 2.11: Dual-polarized patch antennas, (a) square patch with L-shaped
configuration of slots (Concept from [38]), (b) circular patch with T-shaped
configuration of slots (Concept from [39]).
port coupling as a function of the slots lengths and their offset from the patch
center was carried out in [40]. It has been clarified that the port coupling
decreases as the slot lengths decreases or the slot offsets increases. Both these
changes are interpreted as an increase of the effective distance between the
two slots. It is evident that such distance is limited by the patch dimensions,
and reducing slot-to-slot coupling (Css) by making the slots more distant is
not feasible beyond a limit. Alternatively, it can be carried out by modifying
the shape of the slots.
Pozar et al. modified the slot shape and replaced the original circular slot
by a dog-bone aperture [43]. Allowing for stronger coupling to the patch at
the same frequency, the dog-bone slot proposes an approximately 30% size
reduction. Moreover, it eases the positioning constraints for dual aperture
antennas, and reduces the back lobe radiation [43]. The evolution of slot
shapes was continued and different modified shapes were proposed [44]. A
















Figure 2.12: Dual-polarized patch antennas with H-shaped aperture-coupled
excitation, (a) slots at the edge of the patch (Concept from [41]), (b) slots
close to patch center (Concept from [42]).
and 2.12b. The simple design in figure 2.12a demonstrates that high transverse
isolation (Cx) does not necessarily require complicated bulky structure and is
feasible by following some basic points specified below.
- H-shaped slots are utilized, allowing for shorter lengths of slots and more
distant location of them compared to the rectangular slots (Css reduction).
- The straight feedlines are oriented orthogonally and as far away as possible
(Cff reduction).
- T-shaped configuration of slots is utilized (Css reduction).
- Css reduction is achieved by locating two slots at the middle and the edge
of the patch which are coupled via the magnetic field and the electric field,
respectively.
- The resonant frequency of the patch and that of the slot are tuned near to
each other [41].
As the aperture gets closer to the center of the patch, better coupling





Figure 2.13: A dual-polarized patch antenna with cross slots aperture (Concept
from [45]).
close to each other is prone to high slot-to-slot coupling (Css). Figure 2.12b
represents simultaneous reduction of feed-to-feed coupling (Cff ) and slot-to-
slot coupling (Css) by inserting metalized vias in the substrate [42]. It is
achieved at an increase in the cost and complexity of the design. Rows of vias
provide separate rooms for each feedline and corresponding slot and block the
transverse leakage (Cx). This blockage can be realized by comparing field
distributions of the antenna before and after inserting vias [42].
The aperture-coupled antennas, discussed so far, though isolated lack sym-
metry in their geometry. The offset slots from the patch center cause a dis-
tortion in the antenna radiation patterns at their principal planes. Tsao et
al. in 1988 proposed a dual-polarized patch antenna excited by a centered
orthogonal slots, namely, cross slots shown in figure 2.13 [45]. The symmetry
applied to the design is reflected in their symmetric radiation pattern. Each
branch of the cross slots is excited with a balanced feed located symmetri-
cally with respect to the cross center. Such a feeding shows lower slot-to-slot
coupling (Css) compared to the single feedline excitation [46]. Moreover, it
has the advantage of higher order modes suppression and lower coupling be-








Figure 2.14: Centered cross slot excitations, (a) rectangular feedlines in sep-
arate layers (Concept from [47]), (b) asymmetric offset feedlines (Concept
from [48]), (c) balanced feed with feedlines on opposite sides of the ground
plane (Concept from [49]).
crossover between the two orthogonal feedlines. It complicates the fabrication,
and also the inevitable feed-to-feed coupling (Cff ) in this region degrades the
input port isolation. To avoid the crossover and ease the fabrication process,
two alternative solutions were proposed in [47] and [48], and respectively illus-
trated in figures 2.14a and 2.14b. In figure 2.14a the orthogonal feedlines are
laid in two separate layers and the balanced feedline for each polarization is
replaced by a single rectangular one. As for figure 2.14b, the balanced feedline
for one polarization is replaced with an asymmetric offset feedline. Targonski
and Pozar compared the performance of a single offset feedline with that of a
balanced one [46]. They demonstrated that by feeding the slot in a balanced
configuration with two symmetric feedlines, no voltage is induced across the
unfed slot (Css), and the two crossed apertures remain decoupled. Therefore,
the mentioned solutions, albeit easy-to-fabricate, are not of superior perfor-
mance. To retain the balanced feedlines for both polarizations and remove the
crossover, Yamazaki et al. proposed the antenna shown in figure 2.14c [49].












Figure 2.15: Hybrid-fed patch antennas, (a) aperture-coupled probe-fed exci-
tation (Concept from [51]), (b) aperture-coupled meander probe-fed excitation
(Concept from [52]).
So, the coupling between them (Cff ) is mainly blocked by the ground plane.
How the upper feedline excites the antenna could be a deviation from the orig-
inal aperture-coupled excitation as it could be coupled to the patch directly.
It is resolved by placing an electrically thick substrate between upper feed and
the antenna [50]. Such excitation could be also carried out for offset single
sided aperture-coupled antennas with different configurations which may be
attractive options in the future research.
2.3.4 Hybrid-fed Dual-polarized Patch Antennas
Any combination of feeding methods for patch antenna could be a new dual-
polarization feeding called hybrid excitation. It remains an area of fruitful
investigation as not many researches have been reported in this field so far.
Figures 2.15a and 2.15b show two samples of hybrid-fed rectangular patch an-
tennas [51], [52]. A combination of aperture-coupled and probe-fed excitations
are utilized in both antennas. Due to differential excitation for one polariza-
tion, both antennas have complicated structures. Figure 2.15a demonstrates
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Table 2.4: A comparison of the performance of aperture-coupled dual-polarized









[38] 2.18-2.24 >18 NA 55×55×3.15
[39] 1.56-1.63 >35 NA NA×NA×4
[41] 10.7-12.75 >40 NA 11.4×11.4×2.26
[42] 11.8-14.6 >40 >-26 18.5×18.5×1.3
[45] 3.31-4.17 >27 >-25 NA
[47] 4.65-6.25 >22 >-18 NA×NA×8.68
[48] 1.75-2.25 >35 >-20 54×50×15.762
[49] 1.75-2.25 NA NA 24×19×3
[51] 1.644-1.905 >40 >-20 57.5×57.5×15
[52] 2.3-2.58 >40 >-23 53×53×10
another balanced aperture coupled excitation. Instead of a single offset slot,
two symmetric H-shaped slots along the x-axis are excited uniformly. Recall-
ing the field distributions of y-directed modes, x-axis (y=0) or any of par-
allel ones (y=y0) comprises semi-impedance locus associated with y-directed
modes. Therefore, TM01 can be excited either by a single aperture or by mul-
tiple apertures of uniform excitations distributed along any of these lines. Two
symmetrical apertures, as shown in figure 2.15a, have the advantage of trans-
verse modes suppression which yields lower cross coupling (Cx) and symmetric
radiation pattern.
2.4 Two Different Radiation Elements in a Dual-polarized
Antenna - Group III
The dual polarization antennas in this category comprise two different ra-
diation elements assigned to each polarization. Ideally, when two ports are








Figure 2.16: 3-D and expanded views of a dual-polarized monopole-slot an-
tenna (Concept from [53]).
Therefore, choosing elements with low cross-polarization will enhance the ul-
timate polarization purity of the dual-polarized antenna. Because of two dif-
ferent radiation elements, the matching between the two copolarization beams
is subject to some degradation. However, this can be modified by using com-
plementary elements. The antennas proposed in this section are used for base
station systems where the priority is given to the omnidirectional radiation
pattern rather than very low cross-polarization.
2.4.1 Complementary Elements
Having complementary radiation patterns, a slot antenna and a flat metallic
antenna of the same size can be integrated in a dual-polarized antenna with
matched copolar beams [14]. Figure 2.16 depicts a compact dual polarized
monopole-slot antenna implemented on the facing sides of a cuboid [53]. The
same coupling discussion, provided for crossed slot, also holds for this antenna,
with the exception that one slot is replaced by a monopole antenna. Asymmet-
ric single-sided excitation of the slot accounts for some level of cross coupling






















Figure 2.17: Dual polarized omnidirectional antennass (a) a notch-wire an-
tenna (Concept from [54]), (b) a ring patch-arcs antenna (Concept from [55]),
(c) a circular patch-dipoles antenna (Concept from [56]).
feeding of slot which remains as a research opportunity.
2.4.2 Non-complementary Elements
A group of elements, each covering a fraction of space, can function as a verti-
cal monopole antenna. To obtain an omnidirectioanl pattern, a feed network
is required to excite each element with uniform excitation. It complicates
the geometry of the dual-polarization antenna and increases the probability of
the cross coupling and the interference in the elements’ radiation patterns. A
notch-wire antenna is shown in figure 2.17a [54]. It includes a three-notched
disk antenna and a three wire antenna as components for the horizontal and
the vertical polarization, respectively. Three notches and three wire-loops,
each spaced 120◦ apart and uniformly excited, are utilized to emulate omnidi-
rectional pattern. In order to reduce the cross coupling (Cx) between radiation
elements, the wires are placed between the notches where the current distri-
bution on the excited disk has a null. Despite the null location of wires, the
antenna exhibits poor performance in terms of port isolation. It is because
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[53] 2.37-2.53 >36 >-6 50×16×16
[54] 1.68-1.82 >10 NA 50×50×20
[55] 4.8-5.02 >40 >-18 48×48×4
[56] 1.7-2.2 >40 >-12 120×120×27
of the corresponding parallel sections of the two radiation elements located
in close proximity. A planar version of the dual-polarized omnidirectional
antenna is provided in figure 2.17b [55]. An annular-ring patch serves as a
vertically polarized antenna while the horizontal polarization is realized with
four arcs encircling the patch. To obtain the omindirectional pattern at their
corresponding H-planes, the annular patch is excited at its TM01 mode and
the arcs are uniformly excited by a Wilkinson power divider. To reduce the
coupling between the radiation elements (Cx), they are placed within a radial
distance from each other in a symmetric configuration. Moreover, the feed net-
works for both polarizaions are implemented beneath the ground plane. So,
the ground plane blocks the coupling between the antennas and the feedlines
as well as spurious radiation of the feedlines. The annular-ring and the arcs
are replaced by a circular folded patch and half-wavelength dipoles, respec-
tively, shown in figure 2.17c [56]. The radiation elements are located on the
opposite sides of the ground plane where the radial distance of previous design
is replaced by a height distance lowering the coupling between elements (Cx).




Proposed Crossed Dipole and its Modification
3.1 Introduction
We have examined and compared various dual-polarized antennas in the pre-
vious chapter. It was shown therein that the patch antennas are intrinsically
narrow bandwidth since they work based on the principle of the slot antennas
on their both radiating edges. Wider frequency bandwidth can be obtained
by the stacked microstrip patch antennas where the upper patches are para-
sitically coupled to the principal patch. However, it is not a suitable solution
for a large phased array antenna with a respective large ground plane [57].
This grounded thick dielectric provides a proper medium for the surface wave
to travel along the ground plane and radiate [58]. Such radiations make some
ripples on the radiation patterns and reshape them, causing a mismatch be-
tween copolar radiation beams. We will examine the surface wave effects on
the shapes of radiation patterns in the following chapters.
Alternatively, the crossed dipole with sufficient operational frequency band-
width can be utilized as an appropriate solution. Contrary to the patch an-
tennas, the crossed dipole does not utilize a continuous dielectric slab over the
ground plane, resulting in suppression of the surface wave. Various crossed
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dipoles topologies have been reported in the literature [59]. A non-planar
crossed dipole in [60] achieved 34 dB port-to-port isolation. Due to high sensi-
tivity to fabrication tolerances and lack of the balun feed, the cross-polarization
of the antenna is severely degraded. In contrast, an easy-to-fabricate printed
dipole with 35 dB port isolation is provided in [10]. However, it suffers from
the collocation of co- and cross-polarization peaks in the radiation pattern.
The stringent requirements of the MPAR project need a detailed design of a
new antenna.
In this chapter, we propose a crossed dipole antenna which meets the
MPAR requirements [9]. High port isolation and low cross-polarization are
achieved. The baluns are designed below the principal ground plane which al-
lows for pure radiation of the dipole and lower cross-polarization level. Finally,
the fabrication of the antenna using inexpensive printed circuit technology
eases the manufacturing process.
3.2 Proposed Crossed Dipole
The fundamental idea and the implemented version of the proposed crossed
dipole are provided in figure 3.1a and figure 3.1b, respectively. For each polar-
ization, a bent dipole, a parallel line, and a balun are sandwiched between two
substrates of 0.06 inch thickness. Dipoles are connected to parallel lines and
are situated a quarter wavelength above the principal ground plane. Baluns
are designed below the principal ground plane. Each balun has two branches,
extending 180◦ out of phase from each other, providing a balanced differential
port. The parallel lines are attached to the baluns through a cross-shaped slot
cut in the principal ground plane. To have collocated orthogonal dipoles with-




























Figure 3.1: Proposed crossed dipole antenna, (a) fundamental idea. (b) im-
plemented version with exploded views of two orthogonal boards.
Table 3.1: Detailed Dimensions of the fabricated antenna (unit:mm)
Parameters L W LG Ws Hs Lg L1
Values 20 3 300 55 32 10.45 16
Parameters Wg Lsg Wsg We Wb Sv L2
Values 3.05 40 20 2 0.35 7 22.3
dimensions of the antenna, implemented using Rogers RO 4003 (εr = 3.55),
are provided in Table 3.1.
3.2.1 Design and Discussion
The cross coupling (Cx), discussed in the previous chapter as the major inter-
action between the orthogonal radiation elements, is specified for the crossed
dipole in figure 3.1a in terms of its contributors as
Cx = Cdd + Cbb + Cbd + Cdb (3.1)
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where Cdd is the coupling between orthogonal dipoles, Cbb is the coupling
between orthogonal baluns, and Cbd and Cdb are the coupling between balun
#2 and dipole #1 and vice versa. Decreasing each of these three components
reduces the transverse coupling (Cx).
The coupling between dipoles (Cdd) and its suppression using the null locus
was discussed in the previous chapter. We graphically showed therein, in
terms of voltage distribution, that two orthogonal dipoles with identical poles
(geometrical symmetry) will have zero interaction (Cdd= 0) if they are driven
with ideal differential signal (electrical symmetry). It is shown in figure 3.1a
that each dipole possesses two identical bent wings. It is worth noting that
the null locus can be shifted from the equator if either electrical or geometrical
symmetry is disturbed. These two cases which is prone to some cross coupling
will be discussed later.
The parallel baluns, shown in figure 3.1b could remarkably account for
cross coupling between two polarizations. To implement each of the baluns,
the stripline structure is employed. As shown in figure 3.1b, in the stripline
structure, the balun is sandwiched between two sub-ground planes and sur-
rounded by electroplated vias. This way, each balun situated in a cavity shaped
structure is isolated from the other balun and so, Sbb is significantly reduced.
The balun of the antenna #1 can be coupled to the dipole #2 (Cdb), and
vice versa. This is addressed in figure 3.1a, where the dipoles and the baluns
are designed on the opposite sides of a principal ground plane connected to
each other through a crossed slot in the ground plane. In doing so, while
they are isolated from each other, the spurious radiation of the baluns are also









Figure 3.2: Prototype of the proposed antenna, (a) side view of individual
boards and collocated crossed dipole without ground plane, (b) top view with
subset showing the antenna stack-up, and (c) bottom view.
3.2.2 Fabrication Process
To verify the simulation results, the proposed crossed dipole was fabricated
at Radar Innovations Laboratory, the University of Oklahoma. The dipole,
parallel line, and balun are all designed in a single metal layer, making it
possible to fabricate them simultaneously. It precludes any additional solder-
ing process and consequently, eliminates extra assembling loss. Each dipole
along with corresponding balun and parallel line were milled simultaneously
on the bottom layer of the top substrate using a LPKF ProtoMat S103 (sub-
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set of figure 3.2b). The two stripline sub-ground planes are milled on the top
layer of the top substrate and the bottom layer of the bottom substrate. The
two boards are bonded together using Rogers RO4450B prepreg. Vias were
drilled and electroplated to keep the two ground planes at the same potential.
A small section of PCB was removed to ease soldering the SMA connector.
To interlock collocated dipoles a couple of short and long gaps, shown in fig-
ure 3.2a, are cut into boards #1 and #2, respectively. Cutting the gaps into
two boards leave two slits with different lengths on the sub-ground planes.
Although two boards look a little different, after collocation both dipoles ex-
perience identical environment. The antenna assembly was mounted on a fairly
large 300 mm × 300 mm copper ground plane to decrease the edge effects and
block the measurement components.
3.2.3 Measurement Verification
The S-parameters of the fabricated antenna was measured using a N5225A
network analyzer from Agilent Technologies, calibrated using an E-Cal mod-
ule. Figure 3.3 provides simulation and measured S-parameters of the antenna.
A better than 15 dB return loss for both ports over the entire frequency range
is achieved. While measured S11 almost matches its simulation counterpart,
S22 experiences a slight shift of center resonance frequency, which can be at-
tributed to fabrication tolerances. It is worth noting that, the most critical
dimension of the proposed antenna is the width of the baluns (0.35 mm). Any
discrepancy between the widths of two branches of the balun, will cause a fre-
quency resonance shift and also will result in unequal power split between two
poles of the dipole. Such discrepancy due to fabrication tolerances is shown
in figure 3.4. This condition impairs the geometrical symmetry, the isolation
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Figure 3.3: Simulated and measured S-parameters of the crossed dipole an-
tenna.
between dipoles, and the polarization purity. Therefore, a shift between center
resonant frequencies is observed in the measured and simulated S11, and the
measured isolation is less than its simulated result. Nevertheless, the port-
to-port isolation remains better than 52 dB over the entire frequency range.
The radiation patterns of the antenna were measured in the far-field ane-
choic chamber at the Advanced Radar Research Center of the University of
Oklahoma, and the measurement set-up is provided in figure 3.5. A fairly
high stand of Rohacell 31HF foam from EVONIK industries, with a dielectric
constant of 1.05 is fabricated and mounted over the pedestal to emulate the
simulation environment. To suppress any parasitic interference, the feeding ca-
ble is covered by absorbers as shown in figure 3.5a. The orthogonal element is
terminated in a 50 Ω load. Following meticulous measurement considerations,
we achieved -50 dB broadside cross polarization level at the center frequency
and better than -40 dB over the entire principal planes.
The measured and simulated radiation patterns are illustrated in figure 3.6.
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Figure 3.4: Different widths of two branches of the balun.
Whereas the lowest cross-polarization occurs at the center frequency, it rises
at the beginning and the end of the frequency range. This is consistent with
the simulation results. It is because of the phase imbalance of the balun, as
shown in figure 3.7, which is optimized at the center frequency of 2.85 GHz and
increases monotonically up to ± 9◦ toward the beginning and the end of the
frequency range. This condition, referred to as electrical asymmetry, disturbs
the null locus from the middle line of the antenna, as shown in the subset
of figure 3.7, and causes some cross coupling between the two polarizations.
As such, the peak of the copolarization pattern at corresponding E-plane is
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(a) (b)
Figure 3.5: Pattern measurement set-up, (a) Side view, (b) Front view.
shifted by ± 0.5◦, and the cross-polarizations increase at these frequencies. In
addition, contrary to the simulation, the cross-polarization level at ± 90◦ in-
creases which is attributed to the edge diffraction of the principal ground plane
and other measurement components at the back of the antenna. The antenna
exhibits very low simulated cross-polarization in E-planes (below -50 dB). The
discrepancy observed between the simulated and measured cross-polarization
in this plane is due to the limitation of the measurement system. Because
of the geometrical symmetry of the structure, the orthogonal polarization has
similar radiation characteristics which is not shown for brevity.
3.3 A Modified Version of the Proposed Crossed Dipole
Using similar and symmetrical structures for both polarizations, and their
effects on the polarization purity of a dual-polarized antenna were emphasized
in the previous chapter. Following the same symmetry point, we modified the




Figure 3.6: Measured and simulated radiation patterns of the proposed an-

































Figure 3.8: A modified version of the proposed crossed dipole antenna, (a)
fundamental idea. (b) implemented version with exploded views of two or-
thogonal boards.
antenna in figure 3.8 [61]. Its different design of the baluns can be realized by
comparing with figure 3.1a. Contrary to the previous design, which utilizes
two baluns with different lengths, the modified version has two baluns with
identical lengths. They are folded upward and downward to avoid intersection
at the crossover. This design allows for a shorter length of the antenna, and the
size reductions can be revealed by comparing dimensions of the new antenna,
provided in Table 3.2, with those of the previous one. In addition, the widths of
the branches of the baluns are increased to alleviate the fabrication tolerances,
discussed earlier. The higher performance in terms of highly matched beams
and similar resonance features, obtained by this modification, will be discussed
in the following.
Having a group of key parameters, the proposed antenna shows versatility
to match various frequency range with desired bandwidth. Among them, the
length (L) of the dipole, its width (W), and its bend angle (Ψ) play the dom-
inant roles. Figures 3.9a and 3.9b depict the parametric study on the length
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(a) (b)
Figure 3.9: Input impedance of the antenna with dipole dimensions, (a) varia-
tion in antenna length (W=3 mm), (b) variation in antenna width (L=20 mm).
Table 3.2: Detailed Dimensions of the fabricated antenna (unit:mm)
Parameters L W LG Ws Hs Lg Lb
Values 20 3 100 55 32 9.275 19
Parameters Wg Lsg Wsg We Wb Sv L2
Values 3.05 33 30 1.6 0.4 5.7 22.3
and the width of the dipoles, respectively. While the length of the dipole de-
termines the center resonance frequency, the bandwidth is mainly affected by
the width of the dipole. It has been demonstrated that a bent dipole with
a bend angle of 30◦ shows the minimum off-boresight gain loss [62]. Because
the proposed antenna is eventually intended to function as an element in a
scanning array, the dipole bent angle is fixed at 30◦ to achieve minimum loss
in scanning. The final dimensions of the antenna, implemented using Rogers








Figure 3.10: Prototype of the modified crossed dipole antenna.
3.3.1 Measurement Verification and Matched Beams
A prototype of the modified crossed dipole was fabricated and displayed in
figure 3.10. It may look similar to the original crossed dipole, however, it was
fabricated and assembled differently. The edge-mount connector is replaced
by a surface-mount connector, allowing for precise automatic assembly. There
is no need for a cut of the substrate to access middle layer, so the input
impedance at the soldering location is not disturbed anymore. The principal
ground plane in the modified version is made of brass which is quite resistant
to deformation during hot temperature of the soldering process. Therefore,
the flatness of the new principal ground plane improves the linearity of the
polarizations.
The S-parameters of the antenna were measured and plotted along with
simulation results in figure 3.11. The measurement and simulation return loss
match well over the entire frequency range. Better than 14 dB return loss for
both ports are achieved. Compared to previous design, better match between
two return losses is achieved owing to similar designs for two polarizations. It
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Figure 3.11: Simulated and measured S-parameters of the proposed antenna.
is worth noting that the extreme low level of the simulated port isolation can
be easily affected by any fabrication and assembly tolerances. Nevertheless, a
measured port isolation higher than 56 dB over the entire frequency range is
achieved. To the best of our knowledge, the proposed antenna is among the
most isolated antennas reported in the literature to date.
The radiation characteristics of the antenna are provided in figure 3.12.
The cross-polarization levels remain below -40 dB in both principal planes
over the entire frequency range. Design of identical baluns and dipoles for
two polarizations are reflected in the highly matched copolar patterns cor-
responding to two polarizations, as shown in figure 3.13. Similar radiation
patterns of the orthogonal element are not provided for brevity. Besides the
multi-mission performance of the proposed crossed dipole, the orthogonality
of its radiation patterns corresponding to two polarizations along with high
port isolation and matched beams make it a promising candidate for MIMO
applications. Vaughan et al. demonstrated in [63] that a theoretical crossed










Figure 3.12: Simulated and measured radiation patterns of proposed crossed




Figure 3.13: Matched copolar patterns of dipoles at principal planes.
identically zero. However, in practice, the ECC for a crossed dipole is subject
to degradation regarding the isolation between dipoles. The higher isolation
is achieved, the lower ECC results. To examine the independency between
two dipoles radiation patterns in the suggested design, the simulated ECC
in Ansys HFSS using far field-based method with frequency resolution of 10
MHz and the angular steps of 1 degree is computed using (3.2), and shown
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Figure 3.14: Simulated envelope correlation coefficient of the antenna.
in figure 3.14.
ρe =
∣∣∣∫ ∫4π [ ~F1(θ, φ) • ~F2(θ, φ)] dΩ∣∣∣2∫ ∫
4π | ~F1(θ, φ)|2dΩ
∫ ∫
4π | ~F2(θ, φ)|2dΩ
(3.2)
In this equation ~Fi(θ, φ) is the far-field radiation pattern of the ith antenna,
and • denotes the Hermitian product [63]. This extremely low ECC result
indicates the effectiveness of the designed antenna in diversity performance.
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Chapter 4
Linear Array Antenna of Crossed Dipoles
4.1 Introduction
A cylindrical polarimetric phased array radar (CPPAR) was proposed for
MPAR and developed at the Advanced Radar Research Center (ARRC) of
the University of Oklahoma [64]. This demonstrator is displayed in figure 4.1.
A cylinder is divided into four quadrants, each can transmit and receive indi-
vidually. Instead of azimuth scanning, each quadrant commutates. That is,
each sector can be electronically rotated around the cylinder so as to the peak
of the array beam is always at broadside. Such feature allows for invariant
azimuth scanning and high polarization purity [4].
The first demonstrator is populated by frequency scanning linear arrays of
patch antennas provided in figure 4.2 [65]. Besides PCB technology, used in the
fabrication of the patch antennas, all 19 elements of each column are excited by
a series feed, reducing cost and complexity of the antenna design. The beam
steering of each polarization in the elevation is achieved using the frequency
scanning while only one T/R module is needed for each column. Such antenna
allows CPPAR to fully operate in short-range weather measurements.
The future operational CPPAR will require an individual excitation of ele-
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Figure 4.1: CPPAR antenna array and demonstrator designed and fabricated
at the University of Oklahoma (From [4]).
ments which enables it to perform long-range measurement and agile adaptive
scanning. Moreover, the polarimetric performance of current antenna can be
substantially modified in a new version. In dual polarization series feed an-
tenna array, part of the cross coupling could occur between feedlines. This
is shown in exploded view of the antenna in figure 4.2, where the two series
feedline, assigned to each polarization, are parallel and could be easily cou-
pled to each other. To avoid such a problem, a wall of plated vias were drilled
between the two feedlines [65]. This improves the cross-polarization to below
-30 dB. However, it complicates the antenna design and increases the cost.
It is known that a patch antenna is a narrow bandwidth antenna as it works
based on the principle of the radiating slots. To cover the MPAR frequency
range, stacked patch antennas, as shown in figure 4.2, were utilized. Such a
thick substrate over a giant cylindrical ground plane provides a proper medium
for the azimuthal surface wave to propagate around the cylinder. This impairs
the isolation between both adjacent columns and quadrants. Moreover, the
surface wave refractions will change the shape of the patterns, resulting in a
mismatch between the copolar beams.
Finally, the patch antenna is not symmetrical with respect to its center.
This can be revealed by considering the shapes and locations of the apertures
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Figure 4.2: Frequency scanning linear array and the exploded view of its
respective patch antenna (From [65]).
in exploded view of figure 4.2. This will eventually results in different coupling
mechanisms between the two horizontal and the two vertical adjacent polariza-
tions in the array environment. Consequently, a mismatch will occur between
the two copolar radiation patterns. Besides that, using a symmetrical element
will benefit the antenna in different ways that will be discussed thoroughly in
the next chapter.
It is the purpose of this chapter to introduce an alternative to the cur-
rent frequency scanning antenna array. The proposed linear array includes
the modified version of the crossed dipole antenna discussed in the previous
chapter. The elements in the linear array are individually excited, allowing for
beam shaping and fast adaptive scanning. Higher isolation between the two
polarizations is achieved by eliminating the shared series feed. The proposed
elements do not require a thick substrate over the ground plane. Therefore,
compared to the stacked patch antenna, the surface wave on the cylinder di-
minishes. This will be discussed in terms of the ripples of the cylindrical
embedded element pattern. To attain a lower cross-polarization level, we used
an imaged arrangement of the elements in the array configuration.
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4.2 Antenna Structure and Design
Figure 4.3 shows the geometry of the proposed linear array along with an
exploded view of the element. Each polarization of the element comprises
a balun, a parallel line, and a dipole, all sandwiched between two RO 4003
substrates. In addition to identical parallel lines and dipoles, corresponding
to two polarizations, a pair of similar baluns with same lengths are designed.
One balun is folded upward and the other downward to avoid intersection
in the crossover. The parallel lines are attached to the baluns through a
crossed slot etched on the principal ground plane. Figure 4.3 also depicts
the linear array which consists of 8 crossed dipole elements. In this work,
the elements are individually fabricated and situated next to each other. So,
we can rotate the elements and examine different configurations. It is also
possible to simultaneously fabricate all the elements along the axis in a single
step which reduces the fabrication cost. The final dimensions of the proposed
linear array are provided in Table 4.1.
The proposed antenna is designed for the frequency range of 2.7 to 3.0
GHz. An inter-element spacing of 50 mm (0.5λu) was chosen in order to avoid
the grating lobe in scanning up to ±45◦. Figure 4.4a shows the scanning
performance of the middle element in terms of its simulated active VSWR in
the HFSS. With active VSWR < 2 over the entire operational bandwidth, the
proposed antenna has no blindness effect in scanning up to ±45◦. The active
S12 is also provided in figure 4.4b. It remains below –40 dB even in severe
scanning, showing the ability of the antenna to isolate its two polarizations.
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Figure 4.3: Linear array of the crossed dipole and the exploded view of its
element.
Table 4.1: Detailed Dimensions of the fabricated antenna (unit:mm)
Parameters L W LG Ws Hs Lg Lb
Values 20 3 100 55 32 9.275 19
Parameters Wg Lsg Wsg We Wb Sv L2
Values 3.05 33 30 1.6 0.4 5.7 22.3
(a) (b)
Figure 4.4: Scanning performance of the proposed linear array, (a) active






Figure 4.5: Phase imbalance of the half-wavelength balun and its effect on
disturbance of the null locus.
4.3 Mirrored Arrangement of Crossed Dipole Elements
and Cross-Polarization Reduction
Having an absolutely symmetrical antenna over an entire operational frequency
bandwidth is impossible. This issue can be addressed geometrically and elec-
trically. Its geometrical asymmetry can be revealed by considering the balun
structure for each polarization in figure 4.3. It consists of two branches of
different lengths and is excited from one side. This adds to the electrical
asymmetry of the antenna.
Regardless of whether a crossed dipole is excited differentially or by a half-
wavelength balun, it is difficult to achieve ideal differential signals within the
entire frequency bandwidth. The phase imbalance of the baluns, as shown in
figure 4.5, is often optimized at a center frequency and increases toward the
beginning and the end of the frequency bandwidth. As such, at these margin
frequencies, the peak of the copolar patterns of the dipoles are tilted about
±0.5◦ to one side in their corresponding E-planes and their cross-polarization
levels increase. In order to return the symmetry to a linear array antenna






Figure 4.6: The proposed imaged arrangement for the linear array antenna.
the configuration that is shown in figure 4.6 is proposed. In this representation
of the two linear elements, the vertical elements are mirrored with respect to yz
plane (also bisector of the linear array) while the horizontal ones are identically
oriented. Ports marked “−” are excited 180◦ out of phase with respect to ports
marked “+” to have the co-polar fields of the vertical polarizations add in-
phase toward boresight. This arrangement will be expanded to two orthogonal
directions for the planar array in the next chapter. Detailed discussion will be
provided therein.
Figure 4.7 displays a prototype of linear array of eight crossed dipoles, fab-
ricated and situated beside each other. The elements are sequentially rotated
resulting in an symmetric imaged arrangement of the linear array antenna. It
was measured at the far-field anechoic chamber having an AUT-to-probing-
device distance of 10 m. The radiation pattern of each individual element was
measured and combined with uniform weighting using MATLAB. The pattern
measurement results for both polarizations, provided in figure 4.8, are used
to verify the simulation. As expected, the lowest cross polarization occurs at
the center frequency where the balun has zero phase imbalance. Nevertheless,
the cross-polarization levels remain below -43 dB over the entire frequency
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Figure 4.7: A prototype of 8 imaged crossed dipole linear array antenna.
range. This desirable performance can benefit the polarimetric measurement
in distinguishing different drops.
4.4 Embedded Element Pattern of the Proposed An-
tenna in CPPAR
As was mentioned earlier, the purpose of designing the proposed linear array
was to replace the current frequency scanning antenna on the CPPAR. There-
fore, the radiation properties of the proposed element should be characterized
in a cylindrical array environment. Regarding this problem, various solutions
have been proposed. Modal approach was used to study the mutual coupling
between waveguide elements of a cylindrical array [66]. The embedded ele-
ment pattern of a cylindrical array was obtained, using the concepts of eigen
excitations [67]. The cylindrical form of Floquet theory and the method of
moments are respectively proposed in [68] and [69] to analyze a cylindrical ar-
ray of axial dipoles. Although these solutions are feasible for cylindrical array
characterization, they will be complicated and time-consuming for complex
antennas and large dimensions.
High Frequency Structure Simulator (HFSS) is capable to simulate a va-
riety of EM structures, using finite-element method (FEM). With increasing
access to fast and large-memory computational resources, we are able to sim-
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(a) (b)
Figure 4.8: Scanning performance of the proposed linear array, (a) horizontal
polarization, (b) vertical polarization.
ulate more complicated geometries. However, simulations of large arrays are
still computationally prohibitive. We use a fast unit cell approach herein to
obtain the embedded element pattern of an arbitrary antenna [70]. Motivated
by Floquet’s theorem for periodic structures, HFSS offers the ability to im-
plement periodic boundary conditions (master/slave) to specific faces in the
simulation environment. This approach leverages the parallel computational
capability and yields precise results. The proposed technique is general and
can be used by any other commercially electromagnetic (EM) solver that sup-
port periodic boundary conditions. Therefore, it can be widely adopted by
engineers and researchers to analyze arbitrary element structures in cylindri-
cal phased arrays.
4.4.1 Implementation of Proposed Unit Cell Method
A conceptual model of a cylindrical array of simple vertical dipoles is shown
in figure 4.9a. Our objective is to extract an azimuth cut of an embedded
element pattern of the element at a specific elevation angle (θ). To simplify
the problem, each column of elements, lying on a φ=constant angle, can be






for Lth CPSE 
(Master)
Linked Boundary for 




Linked Boundary for Lth
CPSE (Slave)
Phase Difference = 2πL/N
Linked Boundary for Scanning 
in Elevation Plane (Slave)
(c)
Figure 4.9: (a) A cylindrical array of vertical dipole elements, (b) equivalent
circular array of column elements, (c) unit cell of a column element.
lem of a cylindrical array of elements will be simplified to a circular array of
column elements, as shown in figure 4.9b. Each of these column elements has a
narrow beam in elevation and the field at the peak is proportional to the single
embedded element pattern. The indices of the column elements, denoted by
l = 0, 1, . . . , N-1, show their angular location in the circular array. To obtain
the embedded element pattern, the column centered at φ=0 is excited while
terminating the others in matched loads. Considering the periodicity of the
excitation of the zeroth column element with respect to φ, one can express it
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where φl = 2πl/N . These angular harmonics exp(−jnφl) are the set of
cylindrical phase sequence excitations (CPSEs) of the array, with uniform
excitation coefficient. Each of these CPSEs corresponds to an electric field
harmonic El(θ, ϕ), which the final embedded pattern will be made from their







where the harmonics of El(θ, ϕ), corresponded to each CPSE, can be ap-
proached as a cylindrical unit cell problem in HFSS. An example of this unit
cell is provided in figure 4.9c. This unit cell models a situation where the col-
umn element of dipoles is excited by the lth CPSE, and each of the individual
dipoles in the column is excited so that the beam is scanned to an elevation an-
gle of θscan. The fields along the φ= constant planes are of identical magnitude
and a 2πl/N phase shift between them. Similarly, Z = constant planes include
identical fields with a phase difference of k0dzsin(θscan), so that the beam is
scanned to elevation angle of θscan. These phase differences can be enforced
through linked (master/slave) boundary conditions in HFSS. The analysis for
all of the CPSEs, i.e., l = 0, 1, . . . , N-1, can be carried out in parallel in
HFSS. It is unlike the inversion of large sparse arrays, which typically requires
more complex parallelization mechanisms [23].
Let the output of HFSS be denoted by EHFSS for the lth CPSE. The
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Using (4.2) and (4.3), we can calculate the final embedded radiation pattern











)ej 2πN nl. (4.4)
The procedure of obtaining embedded element pattern on a cylindrical
structure can be summarized as follows.
In HFSS:
1. Apply phase shift to Z = constant planes based on elevation scan angle.
2. Apply phase shift to φ = constant planes based on lth CPSE.
3. Analyze the corresponding unit cell problem in HFSS and store it as
ElHFSS(θscan, ϕ) for the lth CPSE.
4. Repeat steps 2 and 3 for all of the CPSEs, i.e., l = 0, 1,. . . , N-1.
5. Export all the far fields to a postprocessor, e.g., MATLAB.
In a post-processor (such as MATLAB):
1. Apply (4.4) to obtain the final embedded radiation pattern of the element
in the array.
4.4.2 Validation of Proposed Unit Cell Method
To verify the proposed approach, we start with a simple and small geometry
that can be simulated by full-wave analysis in HFSS. The full wave results
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Figure 4.10: A comparison between full wave and unit cell results of a vertical
dipole embedded element pattern.
will be compared with those of the proposed solution. Then we will use the
unit cell approach to obtain the embedded element patterns of the patch and
the crossed dipole on the CPPAR demonstrator. A circular array of 30 verti-
cal dipoles and its corresponding unit cell, like those shown in figure 4.9, are
considered. Periodic boundary conditions are imposed on the top and bot-
tom surfaces of both simulations. Therefore, the circular array is a simplified
version of an infinite cylindrical array. The radius of the cylinder and the
spacing between elements are chosen to be 261 mm and 60 mm, respectively.
The embedded element patterns from full-wave and unit cell approaches are
provided in figure 4.10. The very good match between the two results shows
the feasibility of using phase mode analysis in obtaining the embedded element
patterns of more complicated antennas on larger cylinders.
One important objective of proposing the crossed dipole was to remove
the substrate over the principal ground plane in order to suppress the surface
wave. As the surface wave travels around the cylinder, it radiates and makes
some ripples on the copolar pattern. Therefore, its effects can be revealed
by examining the radiation characteristics of the patch and the crossed dipole
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3 dB 5.7 dB
(a)
3 dB 5.7 dB
(b)
Figure 4.11: A comparison between embedded element patterns of (a) pro-
posed crossed dipole and (b) the stacked patch antenna.
antennas, one with and the other without substrate over the ground plane. The
embedded element patterns of these antennas over the same CPPAR (D = 2 m)
are extracted using unit cell approach and compared in figure 4.11. The ripples
around the peak of the copolar patterns are zoomed for the both antennas.
The attenuated ripples of the crossed dipole embedded pattern compared to
that of the patch antenna, is an evident indication of suppressed cylindrical
surface wave. This is an important feature as a better match between copolar
patterns can be easily achieved.
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Chapter 5
Planar Array Antenna of Crossed Dipoles
5.1 Introduction
The principles of planar phased array antennas (PPAA) have been developed
over the past decades [71], and various antenna structures have been adapted
for different applications [72], [73]. While improving their features, including,
wideband applicability, polarization purity, .etc, researchers have addressed
challenges related to PPAA such as mutual coupling, scan blindness, and edge
effects [74], [75]. Therefore, PPAA is now a matured technology ready to use
in many applications. A planar array antenna is easy to fabricate and this
is why it takes priority over other solutions. It has been used for weather
surveillance for many years. AN/SPY-1 is a passive array antenna that is
shown in figure 5.1a and is comprised of 4,352 elements. This array was used
for NOAA’s National Weather Radar Test-bed (NWRT) located in Norman,
Oklahoma [76].
Multi-function performance, defined by MPAR, requires dual polarization
capability. So, the feasibility of polarimetric planar phased array antennas
(PPPAA) and its related challenges are to be determined in advance. Ten-
panel, as shown in figure 5.1b, is a planar phased array solution comprised
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(a) (b)
Figure 5.1: (a) NOAA’s National Weather Research Testbed (NWRT), (b)
The MPAR 10-panel proof of concept demonstrator (From [1]).
of blocks of 8 by 8 dual polarized patch antennas. This array, designed by
MIT’s Lincoln Laboratory, is used in an S-band dual-pol radar which obtained
promising results. The blocks are arranged side-by-side and fabricated by
inexpensive printed circuit board technology. The design also allows for the
compact integration of T/R modules at the back of the antenna. The patch
antennas in each block are excited differentially which has proper performance.
Differential excitation and its properties were thoroughly discussed in Chapter
2. In this specific design, the differential signals are made in a separate module
at the back of the antenna. Regarding a large number of elements in a big array,
it would be far more cost-effective, if the differential feed could be integrated
into the antenna. Moreover, the drawback of using a thick grounded substrate
and the surface wave excitation were discussed in the previous chapter. This
issue could be resolved by designing an antenna which does not require thick
substrate over the ground plane. This opens the door to alternatives to the
Ten-panel planar array antenna.
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It is the purpose of this chapter to propose a new polarimetric planar
phased array antenna with higher performance. The modified version of the
crossed dipole antenna, discussed in chapter 2, is utilized as the element of
the array. Its dimensions will be adjusted in an infinite array using periodic
boundary conditions. Each polarization is excited by a balun feed which re-
quires a single connector. So, compared to Ten-panel antenna, the number of
required connectors is halved, reducing the cost and assembly process. Unlike
the patch antenna, the proposed crossed dipole does not need a thick substrate
over the ground plane. Therefore, suppression of the surface wave in both or-
thogonal directions will be beneficial to matching two copolar beams. Added
to these features are the center fed excitation and symmetry of the element
in both orthogonal directions. Such a feature and its effect on the side lobe
suppression of large arrays will be discussed in the following. Finally, it is
worth mentioning that the proposed element, though non-planar, is fabricated
by inexpensive PCB technology.
5.2 Array Antenna Geometry and Design
Figure 5.2 shows the geometry of the proposed 6 by 6 planar array antenna
with its respective crossed dipole element in the subset of the figure. Part of
the substrate is removed to display the radiation elements between the two
slabs. Each polarization of the element comprises a balun, a parallel line, and
a dipole, all sandwiched between two RO 4003 substrates. Figure 5.3 depicts
the impedance match from the SMA connector to the dipole. The 50 Ω SMA
connector excites the stripline that splits into two 100 Ω lines at point “a”.
After experiencing two different lengths, which provides 180 ◦ phase shift, the







Figure 5.2: Geometry of the proposed array antenna and its respective crossed
dipole element.











Figure 5.3: Impedance transformation from the SMA connector to the dipole.
forms a 200 Ω parallel transmission line which is matched to the dipole input
impedance.
This design is based on an infinite periodic array of the proposed crossed
dipoles. Therefore, the unit cell approach in HFSS is utilized, taking into ac-
count all mutual coupling effects. The unit cell is shown in figure 5.4. The unit
cell width is equal to 50 mm, (0.5 λH) where λH is the free space wavelength
at the highest design frequency of 3 GHz. The proposed crossed dipole is char-
acterized by its three parameters: L (length of the dipole), W (width of the
dipole), and Ψ (bend angle of the dipole). We used the first two parameters
to match the dipole over the desired frequency range, and then the bend angle





Figure 5.4: Unit cell of proposed crossed dipole.
thick board of Rogers 4003, the optimal dipole dimensions are found to be
L = 44 mm and W = 3 mm.
The E-plane scan element pattern (SEP), formally called the active element
pattern [77], is provided in figure 5.5 for different bend angles. This SEP
includes the element pattern with all mutual coupling accounted for. Thus,
the overall array pattern (ignoring edge effects) can be computed using the scan
element pattern and array factor for a given finite array size and lattice [78].
It was traditionally demonstrated [62], and also verified by our simulation
that a bent dipole with a bend angle of 30 ◦ has the optimum SEP compared
to a straight dipole. It is shown that the proposed array antenna can scan
far beyond 45 ◦ in the principal planes, and this feature demonstrates the
feasibility of the proposed array antenna for planar structures.
The active VSWR of the proposed antenna in scanning is given in fig-
ure 5.6a. As seen, both polarizations are matched across the bandwidth
(VSWR < 2 from 2.7-3 GHz) even in scanning to 45 ◦ in the principal planes.
The antenna is able to keep its two polarization isolated while scanning in
the principal planes. This can be revealed from active S12 of the antenna, as
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Figure 5.5: Scan element pattern of the proposed crossed dipole in E-plane.
(a) (b)
Figure 5.6: Simulated (a) active VSWR and, (b) active port-isolation of the
proposed crossed dipole versus frequency in scanning.
shown in figure 5.6b, which remains below – 40 dB even in severe scanning.
5.3 Imaged Arrangements of Crossed Dipole Elements
and Radiation Characterization of Proposed Planar
Array
Defined as a fundamental feature of the array antenna, polarization purity has






















































Figure 5.7: Different 2×2 subarray configurations, (a) Configuration A, (b)
Configuration B, (c) Configuration C, and (d) Configuration D (Concept
from [81]).
it are proposed [79]. Reducing the cross-polarization radiation of an array
antenna could be accomplished either in the element scale or in the array
scale. The former is continuously being studied for different types of anten-
nas [80]. Alternatively, the cross-polarization suppression can be carried out
by sequential rotation of the elements in an array scale. However, it is not a
straightforward process and is accompanied by some undesired side effects.
Reference [81] discussed the four possible configurations of a dual linear
polarized microstrip patch antenna array. The 2×2 element subarray config-












Figure 5.8: 16×8 planar patch array antenna gains in principal planes, (a)
Configuration A, (b) Configuration B, (c) Configuration C, and (d) Configu-
ration D.
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B, C, and D, respectively. The dots mark the locations of the feed ports, and
signals applied to “H” and “V” are primarily intended to generate horizon-
tally and vertically polarized fields, respectively. Ports marked “-” must be
excited 180◦ out of phase with respect to those marked “+” to have the copo-
lar components add in-phase toward boresight. The geometrical and radiation
properties of the above configurations are thoroughly discussed in [81]. We du-
plicated the original patch antenna in [81], and its corresponding 16×8 planar
array gains for different configurations in figure 5.8. As seen, cross polarization
reduction is obtained at the cost of increased side lobe levels in some config-
urations. A brief description of all four configurations in terms of the cross
polarization level and the increased side lobe issue are provided in Table 5.1
and Table 5.2 for both principal planes. These indicate that minimum cross
polarization without side lobe problem is not feasible in single-sided excitation
patch antenna array. To achieve the least cross polarization and concurrently
avoid the side lobe issue, a two-step rotation is proposed in [81].
In the following, we will identify the reason for increased side lobe in the
imaged array configurations by examining the radiation characteristics of the
element. The requirement of the element radiation pattern to eliminate the
increased side lobe is theoretically calculated and related to the symmetry of
the element. We will show how our proposed crossed dipole can obtain lowest
cross polarization without side lobe problem [82].
5.3.1 Notation and Terminologies
Before embarking on the detailed discussion, it is helpful to establish a frame-
work and briefly introduce the notations and applied assumptions. As shown
in figure 5.9, the array elements are located in a rectangular grid in the xy plane
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Table 5.1: A comparison between patch antenna array performances in differ-







Conf. A High X X
Conf. B Low × X
Conf. C Zero × X
Conf. D Low X X
Table 5.2: A comparison between patch antenna array performances in differ-







Conf. A High X X
Conf. B Zero X X
Conf. C Zero X ×




Figure 5.9: 16×8 planar array including 8×4 identical 2×2 subarrays.
and the orientation of the spherical coordinate system is utilized to describe the
radiation pattern E(θ, ϕ). The xz and yz planes are designated as azimuth and
elevation planes, respectively. The applied power to ports “H” and “V” are
intended to generate horizontally and vertically oriented fields, respectively.
However, in practice, there always exists some level of cross-polarization. Fol-
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lowing the same notation in [81], the co- and cross-polarizations for the two













where H and V denote the excitation ports, whereas h and v show their respec-
tive horizontally and vertically polarized components. Therefore, EHh(θ, ϕ)
and EV v(θ, ϕ) denote the copolar components for the horizontal and verti-
cal polarizations, respectively. Ludwig’s third definition is adapted in this
work [83].
Any radiation pattern in a principal plane can be decomposed into its
even and odd components with respect to the orthogonal principal plane. For
instance, the even and odd components of the azimuth plane radiation pattern
with respect to the elevation plane can be expressed as
E(θ, ϕ) =

Eh(θ, ϕ) = Ehe(θ, ϕ) + Eho(θ, ϕ)
Ev(θ, ϕ) = Eve(θ, ϕ) + Evo(θ, ϕ)

Ee(θ, ϕ) = E(θ, ϕ) + E(θ, π − ϕ)2
Eo(θ, ϕ) = E(θ, ϕ)− E(θ, π − ϕ)2
(5.3)
where Ee(θ, ϕ) and Eo(θ, ϕ) denote the even and odd components of the ra-
diation patterns. In the following sections, we will use these components to
calculate the array antenna gains for different configurations.
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5.3.2 Pattern Multiplication in Configured Arrays
To have a fair comparison, the same 16×8 planar array in [81] with same
properties (interelement spacings dx=dy=0.7λ0 where λ0 is the free-space wave-
length) is considered and shown in figure 5.9. The common pattern multiplica-
tion can be only applied to configuration A, and due to the sequential rotation
of the elements, does not hold for other types of configurations. However, they
can be considered as duplications of the 2×2 subarrays, and the multiplication
rule can be modified as
E16×8(θ, ϕ) = AF8×4(θ, ϕ)× E2×2(θ, ϕ) (5.4)
where AF8×4(θ, ϕ) is the normalized array factor for a 8×4 planar array with
twice the spacings of the original array, and E2×2(θ, ϕ) is the radiation pattern
of a 2×2 subarray. Having a uniformly excited planar array, we can expand
AF8×4(θ, ϕ) as the product of two linear azimuth and elevation array factors
























where Dx and Dy in above equations are set to 1.4λ0. To study the side lobe
issue, we narrow down our discussion to H-port patterns for configurations
A and B, one with and the other without increased side lobe problem in








Figure 5.10: Patch array antenna gains in azimuth plane for (a) Configuration
A and (b) Configuration B.
readily generalized to include other configurations in any principal plane. In
the azimuth plane, the normalized elevation array factor AFEl,1×4(θ, ϕ) is equal
to one. Applying this to (5.4), we can calculate the azimuth plane radiation
pattern from
EAz,16×8(θ, ϕ) = AFAz,8×1(θ, ϕ)× E2×2(θ, ϕ). (5.6)
The H-port patterns for configurations A and B in their azimuth planes are
plotted in figure 5.10. It is evident that while both configurations have iden-
tical array factor AFAz,8×1(θ, ϕ), the discrepancy in their subarray radiation
patterns E2×2(θ, ϕ) gives rise to an increased side lobe level in configuration B.
As for configuration A, the sharp null of subarray radiation pattern coincides
with the peak of array factor grating lobe and their counteractions suppresses
the increased side lobe. However, this is not the case with configuration B as
the shifted null of subarray radiation pattern disturbs the balance, resulting
in an increased side lobe problem.
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5.3.3 Subarrays Radiation Patterns Properties
To discover the discrepancy between the radiation patterns of the subarrays
E2×2(θ, ϕ) in different configurations, the 2× 2 H-port radiation patterns for
configurations A and B in their azimuth planes will be examined. Since both
of these configurations have the same duplication in the elevation plane (see
figure 5.7), the 2×2 normalized subarray radiation pattern E2×2(θ, ϕ) can be
simplified into 2×1 subarray radiation pattern E2×1(θ, ϕ) in the azimuth plane.
Figure 5.11 illustrates an element radiation pattern and the orientations of two
radiation patterns for a pair of elements in configurations A and B. It should
be mentioned that a tilt element radiation pattern is chosen in figure 5.11a to
clearly show the pattern rotation in these configurations. When the main beam
is pointed to direction phi (ϕ) in the azimuth plane, the corresponding points
of the two element radiation patterns, shown by dashed circles in figure 5.11,
add constructively.
5.3.4 Configuration A Subarray Radiation Pattern
This is a straightforward process for configuration A as the elements are simply
duplicated with no rotation (Figure 5.11b). Therefore, the electric fields for







Ehe(θ, ϕ) + Eho(θ, ϕ)








Ehe(θ, ϕ) + Eho(θ, ϕ)
Eve(θ, ϕ) + Evo(θ, ϕ)
 . (5.8)
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2×1,A(θ, ϕ) = ALe−jBEL(θ, ϕ) + ARe+jBER(θ, ϕ). (5.9)









EHhe(θ, ϕ) + EHho(θ, ϕ)





EHhe(θ, ϕ) + EHho(θ, ϕ)




cos(B)EHhe(θ, ϕ) + cos(B)EHho(θ, ϕ)
cos(B)EHve(θ, ϕ) + cos(B)EHvo(θ, ϕ)
 .
(5.10)
It should be emphasized that the upper and lower expressions in (5.10)
correspond to copolar and cross-polar components of the H-port radiation
pattern, respectively.
5.3.5 Configuration B Subarray Radiation Pattern
The same process is carried out for configuration B whose pattern rotation
and electric field decomposition for the left and right elements are provided in
figure 5.11c. For the sake of side-by-side comparison of the signs of electric field
components, the same illustration is done for configuration A in figure 5.11b.
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Figure 5.11: Radiation patterns and electric field decomposition in azimuth
plane for (a) single element, (b) two elements of configuration A, (c) two
elements of configuration B.
ER(θ, ϕ) =

−Eh(θ, π − ϕ)
Ev(θ, π − ϕ)
 =

−Ehe(θ, π − ϕ)− Eho(θ, π − ϕ)




−Ehe(θ, ϕ) + Eho(θ, ϕ)




Equation (5.9) still holds for this configuration. However, in two polariza-
tions, the H is mirrored with respect to yz plane and the V is kept unchanged.
Therefore, they have been excited out of phase (ALH= -ARH = 1/2) and in phase
(ALV = ARV = 1/2), respectively, to have their corresponding copolar patterns
add in phase at boresight. Substituting these excitation coefficients, we can









EHhe(θ, ϕ) + EHho(θ, ϕ)





−EHhe(θ, ϕ) + EHho(θ, ϕ)




cos(B)EHhe(θ, ϕ)− jsin(B)EHho(θ, ϕ)
−jsin(B)EHve(θ, ϕ) + cos(B)EHvo(θ, ϕ)
 .
(5.13)
The different properties of the radiation patterns of two subarrays can be re-
vealed by comparing the copolar components (upper expressions) of (5.10) and
(5.13). The copolar component in configuration A has two terms, both with
cosine coefficients, whereas its counterpart in configuration B has two terms,
one with cosine and the other with sine coefficient. The copolar components
of (5.10) and (5.13) along with their two terms are illustrated in figure 5.12a
and figure 5.12b, respectively. As can be seen from figure 5.12a, both terms of
copolar components in configuration A, with common cos(B) coefficient result
in a deep null in subarray radiation pattern. However, this is not the case
with configuration B as the second term with sin(B) disturbs the null. This
term, which has almost a peak at the location of the first term null, increases








Figure 5.12: 2×1 subarray copolar radiation pattern and its decomposition to
its even and odd components in the azimuth plane for (a) Configuration A,
(b) Configuration B, (c) Configuration B with attenuated odd component.
depends on the magnitude of the second term sin(β)EHho(θ, ϕ). Therefore,
it can be inferred that if we have an element radiation pattern with intrinsi-
cally low odd copolar component EHho(θ, ϕ), then the overall amplitude of the
second term would be negligible compared to that of the first term, and the
null in the subarray radiation pattern should be preserved. This is shown in
figure 5.12c, where the odd copolar component EHho(θ, ϕ) for configuration B
is intentionally replaced with an attenuated version EHho(θ, ϕ)att and its effect
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39 dB
Figure 5.13: 2× 1 subarray copolar radiation pattern and its decomposition
to its even and odd components for Configuration B with attenuated odd
component.
on preserving the null in the subarray radiation pattern is also depicted.
Now the question arises as to how small the odd copolar componentEHho(θ, ϕ)
should be in order to avoid disturbing the null. This is discussed graphically
in figure 5.13, where the even copolar component EHhe(θ, ϕ), before and after
multiplication by cos(B), is depicted. The coefficient cos(B) makes a null in
the first term pattern by reducing its amplitude by 39 dB at the null loca-
tion. Therefore, in order to completely preserve the null, the amplitude of the
second term must be 39 dB below that of the first term at the null location.
Given the unity amplitude of sin(B) at its maximum, it can be inferred that
the amplitude of the odd copolar component EHho(θ, ϕ) must be 39 dB below
that of even component EHhe(θ, ϕ) at the null location.
It is evident from (5.5) that cos(B) varies by interelement spacing dx, and
consequently changes the location and depth of the null. This variation is





Figure 5.14: 2× 1 subarray radiation patterns and their decomposition to even
and attenuated odd components for different interelement spacings.
ered. It is shown that with dx = λ, at some angles where the B is close to π/2,
the cosine term will have a very sharp null (311 dB). However, it is not required
to have a very low corresponding odd component and as shown in figure 5.14,
a sufficiently small odd component is adequate to save the null. As a useful
rule of thumb it can be concluded that any element radiation pattern with
an odd copolar component 35 dB below its even counterpart within an entire
plane will not have the side lobe problem in that plane. The following section
devotes to our proposed crossed dipole whose radiation pattern satisfies the
above-mentioned condition.
5.3.6 The Proposed Element and Its Planar Array Prop-
erties
The odd copolar components in the element radiation pattern are identified as
the source of the side lobe problem, and the condition to avoid such an issue






























Figure 5.15: Different 2×2 subarray configurations of proposed crossed dipole,
(a) Configuration A, (b) Configuration B, (c) Configuration C, and (d) Con-
figuration D.
comes from. Considering the odd component definition of a radiation pattern
(3), it can be realized that the asymmetry in the radiation pattern of an an-
tenna with respect to its center results in an increased odd component. This
asymmetry is transferred to the antenna near field pattern, and eventually
indicates the asymmetrical antenna design with respect to its center. Ref-
erence [23] thoroughly discussed this issue in a single-sided excitation patch
antenna, which is related to the side lobe problem for the antenna discussed
herein. It is mentioned in [23] that the asymmetry of the probe location with
respect to the patch center gives rise to the disturbance of fields’ phase and




Figure 5.16: Even and odd field components of dual linear polarized crossed
dipole antenna for (a) horizontal and (b) vertical polarizations.
the patch thickness and so the probe length increase. This feature is reflected
in the increased odd copolar components of the electric fields EHho(θ, ϕ) and
EV vo(θ, ϕ) in their corresponding E-planes.
Considering the above asymmetry point, we proposed the symmetrical
center-fed crossed dipole with very low cross polarization. Of interest are the
even and odd components of the crossed-dipole radiation patterns calculated
from the measurement results and provided in figure 5.16. It is clear that all
odd copolar components, for both polarizations, are more than 40 dB below
the even counterparts in both principal planes, and thus the radiation pattern
components satisfy the mentioned requirement. This happens because of the
symmetry applied to the design in both principal planes, high port-to-port
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isolation, and the center-fed excitation.
To have a fair comparison, the four different configurations of proposed
crossed dipole, shown in figure 5.15, are arranged in the same 16×8 planar
array as in [81] with identical properties. To show that the same inference
can be applied to any other configuration in either principal plane, the 16×8
crossed dipole array radiation patterns E16×8(θ, ϕ) for all configurations are
calculated following the same procedure in [81], and plotted in figure 5.17. By
comparing each of these plots with their corresponding patch counterparts,
it can be easily revealed that none of the four configurations have side lobe
issue. Moreover, better match between two polarizations copolar patterns are
achieved, which is beneficial to many applications, including weather observa-
tions. It can be seen from figure 5.17c that a crossed dipole array antenna,
arranged in configuration C, proposes zero cross-polarization in both principal
planes without side lobe problem. This obviates the need for the multilayer






Figure 5.17: 16×8 crossed dipole planar array gains in principal planes, (a)




Conclusions and Future Work
6.1 Introduction
The goal of this research was to develop a new phased array antenna for
MPAR. Many stringent system requirements, including high polarization pu-
rity, matched copolar patterns, simple and inexpensive geometry are imposed
upon the proposed solution. In this work, a novel crossed dipole antenna has
been presented to address such requirements.
First, the cross coupling, the port-isolation, and the cross-polarization ra-
diation were discussed for dual-linear polarized antennas. These parameters,
as the main focuses of this research, were examined for the reported works
in the literature. It was accompanied by compiling and categorizing existing
dual polarization antennas into three separate groups. The techniques to en-
hance the polarization purity in different categories were emphasized. These
techniques can be integrated into future antennas with higher performance,
opening the door for new application spaces such as phased array weather
radar and precise polarization control for communication systems.
Following the points highlighted in chapter 2, we proposed a crossed dipole
antenna which meets the MPAR requirements. The proper performance of the
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antenna in terms of high port-to-port isolation and the low cross-polarization
level was demonstrated. Looking for a perfect match between two polariza-
tions, we have modified the balun structures in a new version of the antenna.
Using two identical geometries for the two polarizations, we achieved a pair
of matched copolar patterns. This, in turn, allows for accurate weather mea-
surements enabling polarimetric phased array radar to distinguish different
hydrometeor types, e.g., rain vs melting snow or hail.
In the next step, we proposed an alternative to the frequency scanning
antenna array mounted on the CPPAR. The proposed linear array includes
the modified version of the crossed dipole antenna. The elements in the linear
array are individually exited, allowing for beam shaping and fast adaptive
scanning. Suppressed azimuthal surface wave was achieved by eliminating the
thick substrate over the large cylindrical ground plane. This allows for higher
isolation between adjacent elements and easier beam shaping. Suppression of
the surface wave in terms of attenuated ripples of the copolar patterns was
demonstrated with the aid of phase mode analysis. The flexibility and rapid
convergence rate of unit cell approach were discussed and verified for proposed
crossed dipole.
Finally, a planar polarimetric phased array antenna of the proposed crossed
dipole was presented. Its high performance in severe scanning scenario was
proven in terms of high port isolation and polarization purity. It was followed
by a thorough discussion of side lobe problem in the imaged arrangement of
planar array antennas. The requirement of the element radiation pattern to
eliminate the increased side lobe is theoretically calculated and related to the
symmetry of the element. We demonstrated that our crossed dipole antenna
array, arranged in an specific configuration, can have zero cross-polarization
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in principal planes without sidelobe problem.
6.1.1 Contributions
– Reviewing the existing dual polarization technology and categorizing them
into three different groups.
– Discussing and formulating of the crossed coupling, the port isolation, and
the cross polarization for dual-linear polarization antennas.
– Design and fabrication of a novel crossed dipole with high port isolation and
low cross-polarization level.
– Design and implementation of a modified crossed dipole antenna with matched
copolar beams.
– Design and fabrication of a linear crossed dipole antenna for cylindrical po-
larimetric phased array antennas.
– Calculation and characterization of the embedded element pattern of a cylin-
drical array with phase mode analysis.
– Design, development, and implementation of a planar polarimetric phased
array antenna for multi-mission applications.
– Demonstration and discussion of the side lobe problem in the imaged ar-
rangement of planar array antennas.
6.2 Future Work
The works presented in this dissertation can be expanded in the following
areas.
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6.2.1 Wide Bandwidth Crossed Dipole Antenna
Form the phase and amplitude imbalance discussion, provided in chapter 2,
it can be revealed that the performance of the proposed crossed dipole is lim-
ited by the frequency bandwidth of its balun feedline. Having a wideband
balun, the proposed solution can have similar isolation over a wider range of
frequency. This is not critical for MPAR concerning its operational frequency
range. However, it can provide the dipole with a flatter phase imbalance re-
sulting in lower cross-polarization level over the entire frequency range. The
principle of Marchand balun has been discovered in 1944 [84], and this balun
has evolved into a PCB fabricated version for different applications [85]. Fig-
ure 6.1 shows a linear dipole excited by a Marchand balun using stripline
structure [86]. We have used the stripline structure for the baluns in our de-
sign and that is why we believe that this specific Marchand balun is potentially
compatible with our proposed antenna. However, in a dual polarized antenna,
careful considerations should be given to the design in order to preserve the
high performance of the antenna. This remains as an active future research
area in wideband dual polarized applications.
6.2.2 Fully Printed Crossed Dipole over Perfect Mag-
netic Surface
Using a Perfect Magnetic Conducting (PMC) ground plane, a dipole can be
situated in the vicinity of a flat surface [87]. In doing so, the antenna can
be fully fabricated by PCB technology reducing the cost and the complexity
of design. The current orientations of a dipole and its image, above a PEC
and a PMC surface, are compared in figure 6.2. This is a well-known con-
cept, and many studies have been conducted regarding profile miniaturization
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Figure 6.1: A double-layered printed dipole antenna integrated with a Marc-
hand balun.
and bandwidth enhancement of these antennas [88]. A sample design of a
dual-band Electromagnetic Bandgap (EBG) Artificial Magnetic Conducting
(AMC) ground plane optimized using a Genetic Algorithm (GA) is shown in
figure 6.3. This artificial ground plane was designed for dual-band applications
at the Pennsylvania State University. The polarization purity of these ground
planes are to be investigated quantitatively for multi-mission applications. The
diffraction and the edge effects of artificial PMC should be controlled in such
a way that do not affect the antenna polarization purity. Implementation of
a crossed dipole antenna using this method for dual polarization applications
will be of great interest to the antenna community.
6.2.3 Planar Array Antenna with Polarization Purity
in and out of the Principal Planes
The planar polarimetric phased array antenna, though easy-to-fabricate, suf-
fers from an intrinsic limitation. When the transmit beam is directed off the
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(a) (b)
Figure 6.2: Electric and magnetic sources and their images near (a) electric
(PEC) and (b) magnetic (PMC) conductors.
Figure 6.3: A sample design of a dual-band Electromagnetic Bandgap (EBG)
Artificial Magnetic Conducting (AMC) ground plane fabricated at the Penn-
sylvania State University.
principal plane, the two polarizations are not orthogonal and the horizon-
tal (vertical) polarization is not parallel (perpendicular) to the surface of the
earth. Such effect allows part of the power in the horizontal polarization to be
returned in the vertical beam and vice versa. This bias can be compensated
by costly and cumbersome calibration, but at the cost of a decrease in the sen-
sitivity. There is an alternative solution which can simplify the complicated














Figure 6.4: A unit cell of two imaged linear dipole antennas. One pole of each
dipole is shown transparent to present the excitation method.
nal radiation patterns over the entire volumetric scan will resolve this issue.
Having Ludwig’s II definition in mind, this antenna could be a slot-dipole or
a patch-dipole, both oriented in the z-direction. The slot-dipole solution has
been previously touched [1]. It has been concluded that collocation of the two
antennas affects each other radiation characteristics. However, we believe that
the two elements can be situated in close proximity, and the interference could
be handled in such a way that the polarization purity of both antennas can be
preserved. This research thrust is of great importance to MPAR community
as the planar phased array antennas have been always given priority owing to
its ease of fabrication.
6.2.4 3D Printed Crossed Dipole Antenna
Additive manufacturing technologies, often called 3D printing, have received
much attention recently. Besides mechanical objects, 3D electromagnetic struc-
tures such as waveguides, antennas, lenses, and holographic devices have also
been demonstrated recently for a wide range of frequencies. Although it has
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been argued that 3D printing could be the future of manufacturing, the po-
tential and applicability of these methods for creating advanced and inte-
grated antenna systems still remain largely unexplored. Additive manufactur-
ing enabled new antennas and electromagnetic structures which may lead to
a paradigm change in antenna designs have not been explored much. As part
of our ongoing research, we have started to fabricate a single polarized linear
dipole array with 3D printing technology. A unit cell of the proposed antenna
array is shown in figure 6.4. Detailed discussion on the fabrication procedure
and results of the 3D printed linear antenna is provided in Appendix B. The
initial results suggest that higher performance can be achieved by an optimum
choice of the antenna dimensions and an appropriate plating process. This re-
search thrust could be expanded to include other dual polarization antennas,
including crossed dipole, slot dipole, etc.
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Appendix A
3D Printing of Non-Planar Linear Dipole Phased Array
Antennas
A unit cell of the proposed antenna array is shown in figure A.1. The ele-
ments are simple half-wavelength dipoles situated a quarter wavelength above
the ground plane. One pole of each dipole is shown transparent to present the
feeding method. They are fed directly using coaxial connectors. The inner con-
ductor of the SMA connector, without any electrical connection, is inserted
inside the excited pole of the dipole. The current over this pole is induced
through proximity coupling. The outer conductor of the SMA connector is
connected to the ground plane directly under the grounded pole of the dipole.
The electrical connection between the outer conductor of the SMA connector
and the opaque pole in figure A.1 is reinforced using metal vias surrounding
this pole. This excitation scheme eliminates the need for bauln feedline, re-
sulting in a simple geometry of the array antenna. The gap between two poles
of the dipole, denoted by “G”, plays an important role in the performance
of the antenna. A parametric study of this variable and its effect on the im-
pedance matching of a single dipole is provided in figure A.2. As seen, the
optimum value of this parameter guarantees the differential excitation mode
of the dipole.
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We have frequently discussed the asymmetry of an element and its destruc-
tive effects on polarization purity. This also happens to the proposed design,
because of the asymmetric excitation of each dipole with respect to its center.
If the elements are simply duplicated in an array, all radiation patterns of the
elements are directed to one direction. In order to compensate for the beam
tilt of the elements, and return the symmetry to the linear array antenna, we
have mirrored the elements with respect to the center of the array antenna.
This mirrored arrangement is shown in figure A.1 where two adjacent dipoles
are excited at mirrored poles. It can hence be concluded that due to the ab-
solute symmetry of the mirrored array antenna, it will have theoretically zero
cross-polarization when the beam is pointed in the broadside direction.
In the design of the array, an inter-element spacing of 63 mm (0.63 λu)
was chosen according to the operational frequency range in order to avoid
the grating lobe in scanning up to ±45◦. Figure A.3 shows the scanning
performance of the middle element. With active VSWR < 1 over the entire
operational bandwidth, the proposed antenna has no blindness effect in such
an scanning scenario. The proposed array is capable of operating over a wide
range of frequencies with desired bandwidth. While the length of the dipole
determines the center resonance frequency, the bandwidth can be adjusted by
the width of the dipole. The final dimensions of the antenna, used in the
current design, are provided in Table A.1.
The proposed linear array was fabricated using stereolithography (SLA) 3D
printing technology. Due to the size limit of the utilized 3D printer (Form2
from Formlabs) the array was divided into three similar sub-arrays. However,
they were arranged to be fabricated in the same run. The outcome of diffi-














Figure A.1: A unit cell of two imaged linear dipole antennas. One pole of each
dipole is shown transparent to present the excitation method.















G = 2 mm
G = 3 mm
G = 4 mm
Figure A.2: Reflection coefficient of the single dipole antenna as a function of
gap distance between the two poles.
shown, The fabrication process consists of three major steps. First, the whole
structure, including the ground plane, the parallel line, and the dipole were
printed uniformly in a single step, resulting in a rigid geometry. This eases the
manufacturing and assembly processes and precludes any additional soldering
112















Scan Angle = 0
°
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°
Figure A.3: Simulated active VSWR in 0◦, 30◦, and 45◦ scanning angles.
loss. While printing the ground plane, rows of tiny holes were included to form
the vias. Then a thin layer of copper was deposited on the whole structure us-
ing electro-less plating process. This shiny thin layer of copper that is shown
in figure A.4b, provides a base for developing the copper in the next step.
Finally, with the aid of high-current electroplating, the surface copper layer
was reinforced resulting in a good electric conductivity. The final prototype
with the connector assembled is shown in figure A.4c. The outer conductor of
the SMA connector was soldered to the bottom surface of the ground plane
which is at the same potential as its top surface using metal-plated vias. The
inner conductor of the SMA connector was inserted into excited pole of the
dipole. The conductive coating of this pole was precisely separated from the
ground plane. Besides the ground planes vias, some other ones, as shown in
the subset of figure A.4c, surround the opposite pole of the dipole providing a
low-impedance connection to the outer conductor of SMA connector.
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Table A.1: Detailed Dimensions of the fabricated antenna (unit:mm)
Parameters L H G CL Dth Gth









Figure A.4: Antenna prototype after each fabrication process. (a) 3-D printed
sample, (b) antenna after electroless plating, (c) final copper coated antenna
after electro plating, isolating the excited pole, and soldering of connectors.
A prototype of six-element linear dipole array was fabricated and is shown
in figure A.5. This linear array is composed of three blocks of imaged elements
situated beside each other. The middle element was excited and its reflection
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Figure A.5: Linear array antenna and the radiation pattern measurement set-
up.






















Figure A.6: S-parameter of the middle element in the array.
coefficient, while the other elements are terminated in matched loads, was
measured and compared to its simulation counterpart in figure A.6. A good
match between two results is observed. They remain below -12 dB over the
entire frequency range.
The radiation patterns of the antenna were measured in the far-field ane-
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choic chamber at the Advanced Radar Research Center of the University of
Oklahoma. Figure A.5 depicts the set-up used for the pattern measurement.
The linear array antenna was mounted on a fairly high stand of Rohacell
31HF foam, with a dielectric constant of 1.05, fabricated and mounted over
the pedestal. To avoid the bias of phase shifters and splitters, the radiation
pattern of each individual element was measured and combined with uniform
weighting using MATLAB. The measured E-plane beam scanning performance
at the low (2.7 GHz), middle (2.85 GHz) and high (3 GHz) frequencies are
displayed in figure A.7. The dipoles and ground plane experienced an slight de-
formation in plating process. This can be revealed by comparing their shapes
before and after plating in figure A.4. This reshaping reduces the polarization
purity of the antenna to some extent. Nevertheless, the cross-polarization level
while scanning is at least 30 dB below the co-polarized component. This po-
larization purity could be modified by a thicker dimensions of the dipoles that
are more resistant to tensions due to plating. This is an ongoing research effort
with the initial results suggesting that higher performance can be achieved by
an optimum choice of the antenna dimensions and an appropriate plating pro-
cess. The 3-D printing technology holds significant potential for a number of
applications where customized antennas with light-weight, low-cost, and rapid
manufacturing are required.
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(c)
Figure A.7: Measured radiation patterns of the proposed array antenna at
different frequencies. (a) 2.7 GHz, (b) 2.85 GHz, and (c) 3 GHz.
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